
Final Grant Report to the British Liver Trust, 22 February 2010 

Investigators:  Professor David Adams and Dr. Bertus Eksteen 

Grant Title – The Molecular Basis of Mucosal T‐Cell Homing to the Liver in Primary Sclerosing 

Cholangitis 

Much  of  the  initial  work  done  on  this  grant  led  to  basic  science  advances  to  characterise  the 

conditions  that  leads  to T‐cell and  regulatory T‐cell generation  in patients with primary  sclerosing 

cholangitis.  We established that in order to generate regulatory T‐cells one requires stimulation of 

the T‐cell receptor as well as the presence of retinoic acid to generate regulatory T‐cells that are able 

to  traffic preferentially  to  the  liver and  the gut  (this body of work  is extensively described  in our 

interm report which is included).  This work has since been published in Gastroenterology (a copy is 

attached).  

In order  to exploit  this data  therapeutically, we have spent much of  this  last year performing pre‐

clinical development of  large scale harvesting and generation of  regulatory T‐cells  to be used as a 

therapy  in patients with PSC and  IBD.    I am pleased  to  inform you  that our work has now  led  to 

ethical committee approval to harvest leukapheresis generated T‐cells from patients with PSC and to 

isolate from these products regulatory T‐cells  in a manner which  is GMP compliant.   We have also 

gained R&D approval from the University Hospitals Birmingham NHS Trust to proceed with this line 

of  investigation.    The  study  has  also  been  adopted within  the West Midlands  Clinical  Research 

Network.   Copies of  these approvals are attached  to  this document.   We hope  to  recruit our  first 

patient within the next six weeks to generate therapeutic regulatory T‐cells to treat these patients.  

This grant has provided us with an opportunity to not only define the basic science that underpins 

this  important  line  of  investigation  but  also  have  facilitated  the  pre‐clinical  development  of  this 

knowledge to a potential clinical therapy. 

We wish to thank the British Liver Trust for this  invaluable block of funding and will  in future write 

back with the results of our first patients receiving this therapy. 
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Dr JA Eksteen 
MRC Clinical Scientist & Hon. Consultant Hepatologist 
Institute of Biomedical Research 
University of Birmingham 
 
10 February 2010 
 
Dear Dr Eksteen, 
 

Collection of leukopharesis products from liver disease patients to optimise translational trial protocols 
 

Thank you for registering details of your proposed research project. I am happy to issue provisional authorisation on 
behalf of University Hospital Birmingham for the research subject to approval by: 
 
• an NHS research ethics committee  
 
The following document versions were reviewed: 
 

Protocol - version: N/A 
Participant information sheet (main) - version: N/A 
IRAS form Part A 
IRAS form Part B 
Site Specific Information (SSI) form 
 

 
You must send to the Trust’s R&D office copies of the final versions approved by the main ethics committee of the 
protocol, participant information sheets and consent forms if these are either not listed above or the ethics-approved 
versions differ from the ones listed above.  
 

You must not start the study until you have received formal regulatory and ethics approval but you do not need to 
wait for further authorisation from the Trust. 

Note however, that provisional trust approval will lapse 3 months from the date of this letter if the R&D office has not 
received copies of the approval letter(s) or outstanding documents listed above. If this is the case I will write again to 
withdraw the provisional approval. To avoid this, please send a copy of the relevant letter(s) to the R&D office as 
soon as possible. 
 
Sponsorship 
University Hospitals Birmingham NHS Trust has agreed to act as sponsor for this study. We believe this is a single site 
study. If you wish to include sites outside University Hospitals Birmingham then you must provide details of potential 
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sites to the R&D Office, the main research ethics committee, and if necessary to the regulatory authorities. Note, 
however, that sites outside University Hospitals Birmingham must not start recruiting into the study until there has been 
formal authorisation from the R&D Office at University Hospitals Birmingham. We will require a copy of the approval 
letter from the R&D Department of the relevant Trust. If the study is a clinical trial of a medicine then we will also 
require a signed clinical trial agreement which we will draw up between UHB and the other Trust; for other types of 
study a clinical study agreement would not normally be required. 
 
Indemnity arrangements. 
Researchers who hold substantive or honorary contracts with University Hospital Birmingham (UHBT) will be covered 
against claims of negligence by patients of UHBT under the Clinical Negligence Scheme for Trusts (CNST). This 
scheme does not cover ‘no fault’ compensation and the Trust is precluded from taking out separate insurance to cover 
this. Any patient or volunteer taking part in the study is entitled to know that if they suffered injury as a result of 
participating in the study they would first have to prove negligence in a court of law before they could gain 
compensation. 
 
If the study involves patients of any other Trust or healthcare organisation, you will need to confirm the indemnity 
arrangements with that organisation. 
 
Pharmacy 
If your study involves Pharmacy then you must ensure that they are ready to initiate the study before the first patients 
are recruited. 
 
Reporting Adverse Events 
If this study involves an intervention in the treatment of patients then you must ensure that any serious adverse events, 
regardless of whether you believe the event is related to the research or the intervention, are reported according to 
the Trust’s policy on reporting research-related adverse events. Note that you must also follow any SAE reporting 
requirements stipulated by the sponsor. 
 
A copy of the Trust policy may be obtained from the R&D office and is also available on the R&D section of the 
Trust’s intranet and internet sites. A copy of a blank SAE form is enclosed. 
 
Drugs and Treatment outside the study 
Approval for the study to commence cannot be taken to imply approval for the same form of 
treatment to continue beyond the end of the study, or for patients who are not part of the study. If it 
is likely that continuing treatment is required at the end of the study, then it is the Principal 
Investigator’s responsibility to ensure that study participants are fully aware of the types of 
treatment that would be available to them. 
 
Research Governance 
You should ensure that you and your research team abide by the Trust policies on research governance. These are 
available from the R&D Office and on the R&D section of the Trust’s intranet and internet sites 
(www.uhb.nhs.uk/research) 
 
Study Files 
You must set up and maintain a study file containing the essential documents needed to facilitate a full audit of the 
conduct of the study. The minimum requirements for the content and layout of the study file are set out in the enclosed 
documents. This file may be audited at short notice by the R&D Office, the sponsor, or regulatory authorities. 
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Delegated Duties Log 
You must maintain a list of all those people who have responsibility for delivering any study-related tasks set out in the 
protocol. The log must list the names of the individuals, their roles and responsibilities, the date they started working on 
the study, and, if appropriate, the date they finished. Each entry must be signed by the person accepting the 
responsibilities. Note that anyone who is involved in the direct care of patients must hold a substantive or honorary 
contract with University Hospitals Birmingham. 
 
Accrual Records 
It is essential that you maintain up-to-date and accurate records of recruitment and participation in your study. You will 
be asked to provide these figures as part of the annual reporting and on request at other times during the year. For 
studies registered on the UKCRN portfolio, you are expected to provide regular accrual data to the Chief Investigator 
who will submit them to the UKCRN. You should keep an anonymised record, with dates, of patients approached, 
consented, screened, recruited, completed, and dropped out as appropriate. 
 
Annual Reports 
The R&D Office will request information about progress with the study in 6 months, 12 months and annually thereafter. 
Approval for this study may be withdrawn if you do not complete and return reports when requested. 
 
Protocol Breaches 
Serious protocol breaches must be reported to the R&D office as soon as possible and must be notified to the Chief 
Investigator and Sponsor immediately you become aware them. If you are the Chief Investigator you must notify the 
Ethics Committee within 7 days and, for CTIMP studies, you must notify the MHRA within 7 days. A serious breach is 
one that is likely to affect to a significant degree the mental or physical integrity of the research participants or the 
scientific value of the study. 
 
Urgent Safety Measure 
If necessary, appropriate urgent safety measure to protect clinical trial subjects from any immediate hazard to their 
health and safety can be taken immediately without waiting for Ethics Committee, Regulatory Authority or R&D 
approval. However you must inform the R&D Office, Chief Investigator, Sponsor, Ethics Committee and MHRA, as 
appropriate, in writing within 3 days. 
 
Protocol Amendments 
Trust approval will usually automatically cover minor protocol amendments but you must send details to the R&D 
office for information. Details of all substantial amendments must be sent to the R&D Office for authorisation together 
with copies of the ethics approval and/or regulatory approval for the amendments and any revised documentation. The 
R&D office will acknowledge all amendments. A substantial amendment is defined by NRES (the National Research 
Ethics Service) and would include any change that could affect the safety, conduct or the resource implications of the 
study. 
 
Duration 
It is expected that the study will begin at University Hospital Birmingham within 12 months of Trust authorisation. If 
there is a long delay in starting the study, the Trust may consider withdrawing authorisation for the study. Unless 
explicitly withdrawn, Trust approval lasts for as long as the study has valid ethics committee and regulatory approval. 
 
End of Study 
According to information you have provided, this study is expected to end in February 2012. The R&D Office will 
request a final report shortly after this date. If the study ends for any reason before this date you must notify the R&D 
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Office. Note that the Chief Investigator for the whole study is required to provide an end of study report to the main 
research ethics committee and regulatory authorities. 
 
Archiving 
For studies designated as a Clinical Trial of an Investigational Medicinal Product (CTIMP), it is a legal requirement to 
retain essential documents for at least 5 years after the declared end of the study. The sponsor or regulatory authorities 
may insist on a longer retention period for a particular study. For all other types of study there are no statutory 
requirements but generally accepted good practice guidelines recommend that documents are retained for at least 5 
years. Documents must be archived in a way such that they can be readily accessed (24 hours notice) if required for 
audits or regulatory purposes. The costs of archiving is borne by the Principal or Lead Investigator and should be taken 
into account when applying for research grants or seeking other forms of funding. For CTIMPs, there must be a named 
archivist, approved by the sponsor, who is responsible for setting up and controlling the archive. 
 
Health Records Labelling 
The Health Records of study subjects are retained according to the Trust’s “Health Records Management Policy”; for 
patients in research studies the retention period is 15 years after the last treatment or consultation related to the study. 
The Principal Investigator must ensure that all records for patients involved in a study are clearly labelled to ensure that 
the retention policy can be followed. 
 
Cover for absence 
If the Principal Investigator is likely to be absent and out of contact for a prolonged period (> 2 weeks), the PI must 
either explicitly suspend patient recruitment and patient-related activity in the study, or explicitly delegate the 
responsibilities of Principal Investigator to a named deputy. The PI must be satisfied that their deputy is sufficiently 
qualified through education, training and experience to take on the role of PI. These periods of absence and delegation 
must be recorded in the study file. 
 
Yours sincerely, 
 

 
 
Dr Christopher Counsell 
Research and Development Manager 
 
Copies to:   
 Relevant Service Departments 
 Division 2 Manager, Andrew McKirgan  
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Bertus Eksteen

From: Nicholas Madge [nick.i.madge@nihr.ac.uk] on behalf of NIHR CSP Application Team 
[crncc.cspapplication@nihr.ac.uk]

Sent: 16 December 2009 10:12
To: b.eksteen@bham.ac.uk
Cc: Bridget.Gunson@uhb.nhs.uk; CSPBBCCLRN; NIHR CSP Unit
Subject: NIHR CSP - Ref.26120

Dear Dr Eksteen, 
 
RE: 26120 ‐ Collection of leukopharesis products from liver disease patients 
 
I am pleased to inform you that your study is eligible to be included in the NIHR Clinical Research Network (CRN) 
Portfolio.   
 
Further information about Eligibility for Inclusion of Studies in the NIHR CRN Portfolio, is available on our web site at:
http://www.crncc.nihr.ac.uk/index/clinical/portfolio_new/P_eligibility.html  
 
Your study will continue through NIHR CSP, and you will receive further communications as your study moves 
through the process of gaining NHS permission. 
 
Kind regards 
 
 
NIHR CSP Application Team 
NIHR Clinical Research Network Coordinating Centre 
Email: crncc.cspapplication@nihr.ac.uk  
 



Grant interim report to the British Liver Trust. 

Date of report:  20 November 2008 

Investigators:    Prof David Adams 

Dr Bertus Eksteen 

Grant title:   

The molecular basis of mucosal T cell homing to the liver in primary sclerosing cholangitis. 

Background: Primary sclerosing cholangitis (PSC)  is a progressive  liver disease that ultimately  leads 

to  liver failure and cancer of the bile ducts. Whilst other forms of  liver disease has seen significant 

scientific advances over  the  last  two decades  leading  in  some cases,  to very effective  treatments, 

currently there is no treatment available to control PSC apart from eventual liver transplantation for 

those  patients  who  develop  end  stage  disease.  Conventional  anti‐inflammatory  therapies  are 

ineffective  and  in many ways  the median  life  expectancy  of  patients with  symptomatic  disease 

remains unchanged at approximately 14 years. This  represents a  significant health burden as PSC 

often affects patients in their 30‐50’s when they are in their economic prime. 

Patients with  PSC  often  suffer  from  inflammation  in  the  gut  in  the  form  of  inflammatory  bowel 

disease or colitis.  In  this context, PSC  is often seen as an extra‐intestinal manifestation  in patients 

with  inflammatory  bowel  disease  (IBD)  but  in most  cases  the  gut  and  liver  diseases  do  not  run 

concurrently. Indeed PSC can develop many years after the colon has been removed. This led us to 

investigate the processes that link inflammation in the gut to the liver and whether these processes 

could be targeted as a novel therapy for PSC. 

We  proposed  that  PSC  is  driven  by  the  same  white  blood  cells  (lymphocytes)  that  cause  gut 

inflammation and that they are misdirected to the  liver where they can cause  inflammation. These 

lymphocytes are long‐lived memory T cells originally activated in the gut and subsequently recruited 

to the  liver.    In support of this hypothesis we demonstrated aberrant expression  in the  liver of the 

gut homing adhesion molecules which usually creates a specific molecular gut “postal code” to direct 

lymphocytes  to  the  gut.  This  leads  to  the  recruitment  of  mucosal  T  cells  to  the  liver  and 

inflammation in PSC.  Hepatic endothelium in PSC expresses at least two molecules, the chemokine 

CCL25 and the adhesion molecule MADCAM‐1 that are usually confined to mucosal vessels in the gut 

and which are not detected  in other  inflammatory  liver diseases.    In addition 20% of  infiltrating T 

cells in PSC express the receptors for these two molecules, CCR9 and α4β7. The expression of these 

receptors is restricted to mucosal lymphocytes and two recent studies have demonstrated that the 

imprinting of CCR9 and α4β7 on T cells occurs during interactions with dendritic cells (DCs) from gut 

associated lymphoid tissues. The ability of gut DCs to convert retinol to retinoic acid allows them to 

imprint the gut homing phenotype on mucosal T cells by activating the CCR9 gene through a retinoic 

acid receptor binding sequence in the promoter region.  This imprinting is functional in mice because 

murine  lymphocytes primed by  gut DC preferentially  traffic  to  the  gut  after  adoptive  transfer.  In 

combination  these  studies  confirmed  our  initial  findings  that  a  substantial  proportion  of  the 

offending T cells in the PSC liver might have their origins in the gut, but we still required proof that 

the murine findings could be directly applied to the human species. 



Aims: 

1. To  define  to  what  extent  dendritic  cells  in  humans  controlled  the  trafficking  of  T  cells 

between the liver and the gut. 

2. Whether this process is dependent on retinoic acid and/or other signals. 

3. Can we translate our findings towards a potential therapy to be used to treat PSC 

Summary of results: 

The role of entero‐hepatic dendritic cells: 

We  isolated dendritic  cell populations  from  tissues  related  to  the portal  circulation  from patients 

undergoing surgery for IBD, neoplasms of the liver or gut and during liver transplantation for PSC at 

the Queen Elizabeth Hospital in Birmingham. These dendritic cells were used in ex‐vivo cultures with 

allogeneic  T  cells.  The  phenotype  of  the  resulting  activated  T  cells were  assessed  and  functional 

expression of gut homing molecules confirmed  in chemotaxis assays. We found that dendritic cells 

(DC)  from  the gut  in  the mesenteric  lymph nodes  (MLN) are unique  in  that  they are  the only DC 

population that are able to imprint CCR9 on T cells when compared to DCs from the spleen, liver or 

portal  lymph nodes  (figure 1). This data  confirms  the  findings  in murine  systems and  importantly 

suggests that mucosal lymphocytes in the liver in PSC could only have been primed in the gut. 

 

Figure 1: CCR9 imprinting by dendritic cell populations. 
Human mDCs were cultured for 7 days in a 1:1 ratio with allogeneic naïve CD8 T cells.  Only MLN DCs 
were able to induce high levels of CCR9 expression. CCR9 expression by MLN DCs was dependent on 
RAR‐binding by endogenous  retinoids as  it  could be  inhibited by addition of  the antagonist  LE540 
(1µM). mDCs  from  the  liver  (inflamed  or  normal),  the  spleen  or  portal  LN  failed  to  induce  CCR9 
expression but could be converted by 100nM ATRA or AM580 to induce CCR9 at levels comparable to 
MLN DCs. Optimal  expression  of  CCR9 was  seen with  at  least  10nM‐100nM  of  ATRA  or  AM580. 
Representative  FACS  plots  are  shown  with  percentage  CCR9  expression  and  mean  channel 
fluorescence in brackets. 
 

The role of retinoic acid: 

The mechanism by which gut dendritic cells induce gut homing molecules in lymphocytes is critically 

dependent on their ability to convert retinol into retinoic acid and can be blocked by the antagonist 



LE540. Conversely, exogenous retinoic acid (ATRA/AM580) can be added to non‐gut DC cultures to 

drive a gut homing phenotype (figure 1). Retinol  is stored primarily  in the  liver and because of the 

dramatic effects of exogenous retinoic acid on liver DCs we examined whether hepatic stellate cells, 

the main  cells  that  store  retinol,  can  act  as  a  retinoid  donor.  These  cells were  isolated  and  co‐

cultured with  lymphocytes with  activation  cd3/cd28  beads which mimic  DCs.  Stellate  cells were 

unable to drive a gut homing phenotype, presumably because their retinoids are protein bound and 

not biologically active (figure 2). Eksteen et al. Gastroenterology 2009 

 

 

Figure 2. Hepatic stellate cells (HSC) as retinoic acid (RA) donors. 
Hepatic stellate cells were isolated from normal livers and co‐cultured with CD8 T cells and expression 
of CCR9 expression measured over time points that coincided with retinoid loss from the stellate cells. 
In some instances, CD3/CD28 activation beads or exogenous RA were added. CD8 T cells without HSC 
present  served  as  a  positive  control.  HSC  under  all  conditions  were  unable  imprint  significant 
amounts of CCR9 and were inferior to controls. 
 

Exploiting retinoic acid in therapeutic strategies: 

Given the dominant effects of RA in targeting effector (pro‐inflammatory)  T cells to the gut and PSC 

liver we examined whether RA could have similar effects on  regulatory T cells  (Tregs)that primary 

function  to  limit  inflammation. We performed  similar experiments as  in  figure 1 but  instead used 

Tregs  and  activation  beads  with  or  without  retinoic  acid. We  demonstrated  that  Tregs  can  be 

successfully  expanded  in  culture  and  that  they  also  respond  to  RA  to  adopt  a  phenotype  to 

preferentially enter the gut or PSC liver.  

This data is very exciting because we can potentially take Tregs from the blood of a patient with IBD 

or PSC, grow them in our laboratory and treat them with RA. These cells can them be given back to 

the patient and will traffic to their gut or liver to treat their IBD or PSC. This has now become the 

main focus of the project. To achieve this we have appointed a post‐doctorial fellow to optimise the 

culture conditions for human use and to comply with national manufacturing regulations.  
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Developing a strategy for isolation of clinical grade Tregs. 

A wide variety of reagents are available for the study and isolation of Tregs for laboratory research 

but there are strict regulations that govern the manufacturing of reagents for clinical use that leads 

to paucity of products and high costs. We have  found  that CD25  is predominantly expressed on B 

cells and Tregs  in peripheral blood samples. This makes  it possible to use magnetic sorting (MACS) 

clinical CD19 antibodies for depletion followed by CD25 positive  isolation using a cliniMACS closed 

bag sorting system (Miltenyi) (figure 3). 

  

Figure 3 Miltenyi CliniMACS 

The  frequency  of  Tregs  in  the  peripheral  circulation  is  between  2‐10%  thus  in  order  to  harvest 

sufficient amounts of T cells we use a autologous  leucopheresis product with a starting amount of 

109 lymphocytes. After isolation with cliniMACS we have a pure population of Tregs that are CD25+ 

CD4+, express FoxP3 and is suppressive in proliferation assays (figure 4) 

 

 

Figure 4. Phenotype of Tregs after isolation 

Culture of clinical grade Tregs. 
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In order to maintain the highest possible standards of sterility the cells are cultured and isolated in 

the clean room facilities of the national blood service. We use a closed bag culture service of which 

the volume can be expanded as the cells proliferate. Tregs are expanded with anti‐CD3/CD28 beads 

at a 1:1 ratio in RPMI medium, 10% autologous serum and added pro‐leukin‐2 200U/ml.  Rapamycin 

inhibits effector cell development whist    leaving Tregs unaffected and  is added  to  the  cultures  to 

prevent conversion of Tregs  to pro‐inflammatory phenotypes. In order  to  target Tregs  to  the gut 
and  liver, we add 100nM all  trans  retinoic acid or agonist AM580  to  the  cultures  to  imprint high 

levels of CCR9 and α4β7 to induce a gut homing phenotype (figure 5) 

 

Figure 5. Gut homing phenotype cultured Tregs. 

 

Future directions: 

We have completed our optimisation studies and are designing trials to assess the use of these cells 

in PSC patients. We hope to apply for ethical approval and approval from the MHRA in 2009.  
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BACKGROUND & AIMS: Lymphocytes primed by in-
testinal dendritic cells (DC) express the gut-homing re-
ceptors CCR9 and �4�7, which recognize CCL25 and
mucosal addressin cell-adhesion molecule-1 in the intes-
tine promoting the development of regional immunity.
In mice, imprinting of CCR9 and �4�7 is dependent on
retinoic acid during T-cell activation. Tissue specificity is
lost in primary sclerosing cholangitis (PSC), an extrain-
testinal manifestation of inflammatory bowel disease,
when ectopic expression of mucosal addressin cell-adhe-
sion molecule-1 and CCL25 in the liver promotes recruit-
ment of CCR9��4�7� T cells to the liver. We investi-
gated the processes that control enterohepatic T-cell
migration and whether the ability to imprint CCR9 and
�4�7 is restricted to intestinal DCs or can under some
circumstances be acquired by hepatic DCs in diseases
such as PSC. METHODS: Human and murine DCs from
gut, liver, or portal lymph nodes and hepatic stellate cells
were used to activate CD8 T cells. Imprinting of CCR9
and �4�7 and functional migration responses were de-
termined. Crossover activation protocols assessed plastic-
ity of gut homing. RESULTS: Activation by gut DCs
imprinted high levels of functional CCR9 and �4�7
on naïve CD8 T cells, whereas hepatic DCs and stellate
cells proved inferior. Imprinting was RA dependent and
demonstrated plasticity. CONCLUSIONS: Imprinting
and plasticity of gut-homing human CD8 T cells re-
quires primary activation or reactivation by gut
DCs and is retinoic acid dependent. The inability
of liver DCs to imprint gut tropism implies that
�4�7�CCR9� T cell that infiltrate the liver in PSC
are primed in the gut.

Selective imprinting of the adhesion molecules CCR9
and �4�7 on primed lymphocytes facilitates their

tissue-specific homing to the lamina propria and intra-
epithelial compartments in the gut. Expression of the
chemokine ligand for CCR9, CCL25, is largely restricted
to epithelial cells in the thymus1 and small bowel2 and in
combination with �4�7 ligand mucosal addressin cell-

adhesion molecule-1 (MAdCAM-1) provides a gut-spe-
cific “address code” to recruit gut-tropic lymphocytes.3

More than 90% of lymphocytes in the small bowel
express �4�7 and CCR9,4 and mice deficient in either
have disrupted mucosal lymphocyte compartments
and impaired lymphocyte trafficking to the gut.5,6

MAdCAM-1 is up-regulated during inflammatory bowel
disease (IBD) and promotes recruitment of �4�7�lym-
phocytes7; and CCL25 and CCR9 expression have been
linked to small intestinal Crohn’s disease.8,9 As a conse-
quence, these receptors are therapeutic targets in IBD re-
sulting in promising phase II/III studies using inhibitors of
CCR9 or �4�7.10 Although CCL25 and CCR9 are associated
with small bowel homing in mice, CCR9 is associated with
human colitis, which is ameliorated by treatment with the
CCR9 inhibitor Traficet EN (personal communication T.
Schall, Chemocentryx).

Stagg et al first showed that human gut-derived den-
dritic cells (DCs) imprint �4�7 on responding T cells.11

Subsequent murine studies demonstrated that gut-de-
rived DCs imprint CCR9 as well as �4�7 expression on T
and B lymphocytes.12,13 CD103� antigen-containing gut
DCs14 migrate from the lamina propria to mesenteric
lymph nodes (MLN) via lymphatics in a CCR7-dependent
process15 where they activate naive lymphocytes to be-
come gut-homing effector cells.12 Murine studies suggest
that the ability of gut DCs to imprint �4�7 and CCR9 on
lymphocytes is retinoic acid (RA) dependent.13,16 Gut
DCs express retinal dehydrogenase isoenzymes, allowing
them to convert retinol to all-trans-retinoic acid (ATRA),
which complexes with intracellular retinoid receptors to
activate transcription of CCR9 and �4�7.16 In contrast,
DCs from spleen or peripheral lymph nodes lack retinal

Abbreviations used in this paper: ATRA, All-trans-retinoic acid; GALT,
gut-associated lymphoid tissue; MLN, mesenteric lymph nodes;
MAdCAM-1, mucosal addressin cell-adhesion molecule-1; DC, den-
dritic cells; RA, retinoic acid; RAR, retinoic acid receptor; MLR, mixed
lymphocyte reaction; TCR, T-cell receptor.
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dehydrogenases and fail to generate ATRA. Vitamin
A-deficient mice generate low numbers of CCR9��4�7�
lymphocytes and have reduced numbers of lymphocytes
in the lamina propria.13,16 RA is stored at several extraint-
estinal sites including hepatic stellate cells (HSC),17 yet,
except in the context of PSC, lymphocyte homing to
these sites is CCR9/�4�7 independent.18 Recent work
demonstrates that nongut DCs can generate some RA-
dependent responses but that CCR9 and �4�7 induction
may depend on antigen dose and local RA levels.19 The
pleiotropic effects of RA are highlighted by its role in
generating regulatory T cells when combined with trans-
forming growth factor (TGF)-�.20 Thus, microenviron-
mental cofactors and signals combine with RA to deter-
mine lymphocyte gut tropism.

The maintenance of gut tropism requires reencounter
with gut DCs to sustain high levels of CCR9 and �4�7.21

If a gut tropic lymphocyte is reactivated by skin DCs,
CCR9 and �4�7 are down-regulated, and expression of
skin homing receptors is increased.21 Such plasticity en-
ables memory lymphocytes not only to be targeted to
tissue in which antigen was originally encountered but
also to be redirected to other sites in which antigen is
subsequently encountered. RA appears to be critical for
imprinting gut homing in mice, although its role in
humans is less clear. We implicated mucosal lymphocytes
in the pathogenesis of inflammatory liver diseases com-
plicating IBD by demonstrating aberrant expression of
CCL2522 and MAdCAM-123 in the liver of patients with
primary sclerosing cholangitis (PSC)18 associated with
hepatic infiltration by CCR9��4�7� T cells. Although
this phenotype is consistent with T cells that have been
primed by DCs in gut-associated lymphoid tissue
(GALT),22 an alternative explanation is that DCs in portal
lymph nodes or the inflamed liver in PSC24 acquire the
ability to generate gut tropic lymphocytes. This has im-
plications for the pathogenesis of PSC; if CCR9��4�7�
T cells can only be imprinted by DCs in GALT, this
confirms that T-cell activation in PSC originates in the
gut, whereas if liver DCs can acquire the ability to im-
print gut homing, the defect may lie in the hepatic
microenvironment. To clarify these issues, we investi-
gated the ability of DCs isolated from the human gut,
liver, and spleen to imprint �4�7 and CCR9 and the
extent to which this is RA dependent.

Materials and Methods
Tissue
Human liver, gut, and associated lymph nodes

were obtained with consent from patients undergoing
liver transplantation or intestinal resection (local ethical
approval 04/Q2708/41 and REC 2003/242). Surplus
splenic tissue was obtained from organ donors (donor
details in Supplementary Table 1).

Mice
C57BL/6 and C57BL/6 Thy1.1 mice (Jackson Labo-

ratories, Bar Harbour, ME) housed in an SPF/VAF facility
were used in accordance with CBR/Harvard Medical School
animal committees’ guidelines or with approved license
from the Animal Scientific Procedures Division of the
Home Office.

Reagents
ATRA, Am580, carboxyfluorescein succinimidyl es-

ter (CFSE) (Sigma, Dorset, UK) and LE540 (Wako Chemi-
cals, Osaka, Japan) were dissolved in dimethyl sulfoxide
(DMSO) in dark and anoxic conditions. Anti-mCCR9
(clone 5F2) and anti-h�4�7 (ACT-1; 15 �g/mL) (M. Briskin
Millennium Pharm, Inc, Cambridge, MA), anti-hCD3-RPE/
Cy7 (UCHT1; 1:10; Coulter, London, UK), anti-hCD11a-
FITC (MEM-25; 8 �g/mL; Caltag, Buckingham, UK), anti-
hCD45RA-PE/Cy5 (HI30; 1:20 [vol/vol]; Serotec, Oxford,
UK), anti-h�7-PE/Cy5 (FIB504; 1:20 [vol/vol]; BD, Oxford,
UK), anti-hCD8-APC/Cy7 (SK7; 1:10 [vol/vol]; BD, Oxford,
UK), anti-hCCR9-APC (FAB1791A; 2.5 �g/mL; R&D Sys-
tems, Abingdon, UK), anti-m�4�7 (DATK32; BD), and anti-
mCD8� (BD).

Human Peripheral Blood Lymphocyte
Isolation
Blood was centrifuged over LymphoLyte-H (Ce-

darlane Laboratories, Burlington, Ontario, Canada) for
20 minutes at 650g, and peripheral blood lymphocytes
were harvested and maintained in culture at 37°C in
RPMI with 10% fetal calf serum (FCS). Naïve CD8 T cells
were FACS sorted based on coexpression of CD8,
CD45RA, and CD11alow to 95% purity (Supplementary
Figure 1B).

Isolation of DCs
Primary human myeloid DCs were isolated from

MLN, spleen, liver, gut, and portal lymph nodes as de-
scribed before using mechanical disaggregation in a
Stomacher 400 circulator (Seward, UK) followed by with
Optiprep (AxisShield, Kimbolton, UK) density gradient
centrifugation.25 Lymphocytes were depleted by anti-
CD3 dynabeads and DCs isolated to �85% purity by
immunomagnetic selection on CD11c (EasySep Stemcell
Technologies, Vancouver, British Columbia, Canada)
(Supplementary Figure 1A).

Isolation of Murine DC and Naive CD8
T Cells
DCs were obtained from spleens of C57BL/6 mice

12 days after injection of Flt3l-secreting B16 cells as
described.21 Spleens were enzymatically digested before
positive immunomagnetic selection with anti-CD11c mi-
crobeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
DC (�90% CD11c�) resuspended to 1 � 107/mL in
Isove’s modified Dulbecco’s media � 10% FCS � 50
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�mol/L 2-ME plus standard supplements were incubated
with the LCMVgp33-specific peptide (KAVYNFATC) for
2 hours at 37°C before washing and use in cocultures.
Naïve CD8 T cells were purified from spleens of P14
TCR-transgenic mice as described.21

Isolation and Culture of Human and Murine
HSCs
Primary human and mouse HSCs were isolated

and grown as described.26,27 HSCs were isolated from
normal liver by pronase/collagenase digestion followed
by density centrifugation, and viability was confirmed
using trypan blue exclusion. HSC morphology was con-
firmed using autofluorescence (�90% purity). HSC acti-
vated spontaneously in culture over 10 days with loss of
retinoid granules, phenotypic changes, and up-regulation
of �-smooth muscle actin. HSC cultures were in some
instances stimulated with cytokines for 24 hours with
recombinant tumor necrosis factor (TNF)-�, interleukin
(IL)-1�, interferon (IFN)-� (all 10 ng/mL; PeproTech,
London, UK), and lipopolysaccharide (LPS) (1 �g/mL)
before the addition of CD8 T cells.

Flow Cytometry
Lymphocytes were labelled with anti-�4�7, CCR9,

CD3, and CD8 monoclonal antibodies and analyzed us-
ing a Dako Cyan (Coulter) or FACScan flow cytometer
(BD) as previously described.13,22 Control samples were
labelled with matched isotype control antibodies. Results
are reported as mean percentage expression or mean
channel fluorescence.

T-Cell Activation and Proliferation
Isolated human CD8 were labelled for 5 minutes

with 10 �mol/L CFSE and cultured at 37°C in RPMI/
10% FCS with 400 IU/mL IL-2, and activation was in-
duced by adding either 2.5 �L/mL of CD3/CD28 dyna-
beads (Dynal, Bromborough, UK) per 5 � 105

lymphocytes, allogeneic myeloid dendritic cells (mDCs)
in a 1:1 ratio with lymphocytes, or HSC/CD8 T-cell
cocultures. DCs from independent donors, as listed
above, were used in cocultures where n � the different
donors used. For example, PSC liver DCs were obtained
from 5 different donors and were used in 5 independent
coculture experiments. Cultures were stimulated with
100 nmol/L ATRA, 100 nmol/L AM580, LE540 (1 �mol/
L), or DMSO alone. Murine naïve CD8 T cells were
incubated in a 1:1 ratio with peptide-pulsed DC or mu-
rine HSC with CD3/CD28 beads, either with or without
200 nmol/L ATRA. Proliferation, CCR9/�4�7 expression,
and chemotaxis were measured over 4 –7 days. Some
samples were restimulated after 7 days to assess plasticity
of CCR9/�4�7 expression. T cells that were previously
not exposed to ATRA/AM580 were incubated with 100
nmol/L ATRA/AM580 in addition to either CD3/CD28
beads or mDCs. Conversely, T cells that had been acti-

vated in the presence of ATRA were deprived of ATRA.
Expression of CCR9 and �4�7 was determined after a
further 7 days.

Chemotaxis of Human CD8 Lymphocytes
Migration of human lymphocytes to 1000 ng/mL

of rhCCL25 or 100 ng/mL of rhCXCL12 as a positive
control (both Peprotech EC) was assessed using 6.5-mm-
diameter, 5-�m pore transwell inserts (Corning, Sigma)
precoated with fibronectin (Sigma) as previously de-
scribed.22 Assays were conducted in triplicate and com-
pared with control wells containing medium with bovine
serum albumin (BSA) alone. Results of migrated cells are
expressed as percentage of initial input.

Homing Assays of Murine CD8 T Cells
Effector CD8 T cells activated with or without RA

were labeled with 10 �mol/L CMTMR or 5 �mol/L CFSE
(Molecular Probes, Paisley, UK) as described.12 Two to 3
� 107 cells from each population were mixed in a 1:1
ratio and injected into C57Bl/6 Thy1.1� mice and killed
after 18 hours. Cell suspensions generated from spleen,
peripheral lymph nodes, and MLN and small bowel lam-
ina propria12 were incubated with anti-CD8� and anti-
Thy1.2 and analyzed by flow cytometry gated on viable
Thy1.2� cells, and the homing ratio of CMTMR�/
CFSE� cells was calculated for each tissue.

Results
Induction of CCR9 by Human DCs
CD11c� DCs from human tissues were tested for

their ability to activate allogeneic naïve CD45RA�
CD11alow CD8 T cells in a modified MLR (Figure 1A and
B). All DCs induced CD8 T cell proliferation, although
only mDCs from MLN imprinted sustained high levels of
CCR9 (63.8% � 16.7% at day 7 and 67.9% � 14.8% at day
14) (Figure 1A and B, and Supplementary Figure 2).
CCR9 expression was inhibited by the pan-retinoic acid
receptor (RAR)-antagonist LE540, demonstrating that it
was RA dependent. DCs from all other tissues tested
including liver and portal lymph nodes from patients
with PSC failed to induce high levels of CCR9. However,
the addition of exogenous ATRA or the RAR� agonist
AM580 conferred on nongut DCs the ability to induce
high levels of CCR9. Naïve T cells treated with ATRA or
AM580 alone failed to proliferate and did not increase
CCR9. T-cell activation via CD3/CD28 in the presence of
either ATRA or AM580 induced sustained high-level
CCR9 expression, implying that TCR activation in the
presence of costimulation and RAR signalling is suffi-
cient. On their own, RAR�-agonists did not affect lym-
phocyte proliferation nor did DMSO, the vehicle used to
dissolve ATRA, AM580, and LE540.

The CCR9 induced on human lymphocytes was func-
tional because CD8 T cells activated by MLN-DC or in
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the presence of exogenous retinoids demonstrated en-
hanced migration to rhCCL25 (23.0% � 3.9% of input)
compared with BSA controls (6.4% � 3.4%; P � .01),
whereas cells activated by other DCs without exogenous
ATRA failed to migrate (5.6% � 1.4%) (Figure 1C).

Induction of �4�7 by Human DCs
DCs from nongut tissues induced �4�7 expres-

sion in naive CD8 T cells (Figure 2A and B),28 although
levels were not sustained (Figure 2C) and were much
lower than those induced by MLN-DC. �4�7 Induction
by MLN-DC was abolished by LE540, and exogenous
ATRA or AM580 conferred on nongut DCs the ability to
induce sustained high-level �4�7. Interestingly, the inter-
mediate levels of �4�7 induced by non-GALT DCs in-
cluding hepatic DCs were dependent on RAR and abol-
ished by LE540. Neither CD3/CD28 bead activation
alone nor DMSO induced significant �4�7 expression
(not shown).

Plasticity of Human CCR9 and �4�7
Expression

The stability of CCR9 and �4�7 expression was
investigated in crossover reactivation experiments 7 days
after initial CD8 T-cell activation (Figure 3). CD8 cells
initially activated by anti-CD3/CD28 beads without
ATRA were reactivated by anti-CD3/CD28 beads with
exogenous retinoids and vice versa. When lymphocytes
that had been initially activated without retinoids were
reactivated in the presence of ATRA, high levels of CCR9
(Figure 3A) and �4�7 (Figure 3B) were induced. However,
lymphocytes originally activated in the presence of ATRA
lost CCR9 and �4�7 expression on restimulation in its
absence. Thus, lymphocytes can be reprogrammed after
initial priming to change their homing phenotype.

Hepatic DCs were unable to up-regulate sustained
high levels of CCR9 and �4�7 expression in the absence
of exogenous ATRA. However, when lymphocytes that

Figure 1. Induction of CCR9 expression by human dendritic cell populations. Human mDCs were cultured for 7 days in a 1:1 ratio with
allogeneic CFSE-labelled naïve CD8 T cells. (A and B) RAR binding by endogenous retinoids was inhibited by addition of the antagonist LE540
(1 �mol/L) or increased by addition of 100 nmol/L ATRA or AM580. Optimal expression of CCR9 was seen with at least 10 –100 nmol/L of
ATRA or AM580. (C) Naïve CD8 T cells activated by tissue-derived DCs with or without ATRA agonists or antagonists were used in transwell
chemotaxis assays to assess CCR9 function. BSA was used as a negative control and responses to CXCL12 as a positive control. (A)
Representative FACS plots show percentage CCR9 expression and mean channel fluorescence in parentheses. PSC, n � 5; normal liver, n �
3; spleen, n � 4; portal LN, n � 5; MLN, n � 4. (B) Data summarized as mean percentage CCR9 expression � standard error of the mean
(SEM). (C) Data summarized as mean percentage of input CD8 cells that migrated to the ligand � SEM. *P � .01, **P � .001 statistically
significant by Student t test.
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had been induced to express high levels of CCR9 and
�4�7 by liver DCs plus exogenous RA were restimulated
with liver DCs in the absence of RA although CCR9
expression was lost, �4�7 was retained albeit at lower

levels. This low level of �4�7 expression was also RA
dependent because it was abolished by LE540. This was
not seen with anti-CD3/CD28 stimulation. Thus, re-
stimulation of gut-homing T cells by liver DCs, although
unable to maintain a full gut-homing phenotype, can
sustain �4�7 expression.

Migration to CCL25 mirrored CCR9 expression, and lym-
phocytes initially activated in the presence of RA migrated
to CCL25 but lost this capability following a second activa-
tion without ATRA. The ability to migrate to CCL25 was
restored by reactivation with ATRA (Figure 3C). All lympho-
cyte populations showed similar responses to CXCL12,
demonstrating that the effect was specific for CCR9.

Induction of CCR9 and �4�7 by Murine
DCs
We then examined CCR9 and �4�7 induction in

mice. Consistent with previous reports, antigen-loaded DCs
� ATRA induced high levels of CCR9 and �4�7 in CD8 T
cells (Figure 4A). Splenic DCs failed to induce CCR9 but did
induce intermediate levels of �4�7 similar to human DC
populations. However, murine liver-derived DCs differed
from their human counterparts in that they did imprint
CCR9, albeit at much lower levels than DCs � ATRA.
Similar to the human studies, reactivation of lymphocytes
that were initially activated without retinoids by splenic
DCs in the presence of exogenous ATRA led to high levels
of CCR9 and �4�7 expression, whereas CCR9 was lost
when T cells previously exposed to ATRA were restimulated
in its absence (Figure 5A and B). Again, intermediate levels
of �4�7 were maintained. Reactivation of CCR9��4�7� T
cells in the presence of ATRA reinforced expression of both
molecules.

The function of the induced CCR9 and �4�7 was tested
in vivo. T cells activated with or without ATRA were differ-
entially labelled and injected into congenic mice and tissues
analyzed for in vivo migration. T cells initially activated and
reactivated with ATRA show a 235-fold increase in migra-
tion to the small intestinal mucosa compared with those
activated and reactivated without ATRA (Figure 5C). Tissue
homing was dependent on the last stimulation. T cells
initially stimulated without ATRA and reactivated with
ATRA showed a 32-fold increase in migration to the small
intestinal mucosa compared with those initially activated
with ATRA and reactivated without ATRA (Figure 5D).

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Figure 2. Induction of �4�7 expression by human dendritic cell popula-
tions. Human DCs were cultured for 7 days with CFSE-labelled allogeneic
naïve CD8 T cells. (A and B) Sustained expression of �4�7 was measured
over 7–14 days (C). (A) Representative FACS plots show percentage �4�7
and mean channel fluorescence (MCF) in parentheses. PSC, n � 5; normal
liver, n � 3; spleen, n � 4; portal LN, n � 5; MLN, n � 4. (B) Data
summarized as mean percentage �4�7 percentage expression � SEM at
intermediate and high levels or (C) mean channel fluorescence � SEM over
a time course. *P � .01, **P � .001 significant by Student t test.
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Human and Murine HSCs as RA Donors
Human HSC store RA in lipid droplets (Figure

6A), which are lost in response to inflammation or ex vivo
culture. We thus investigated whether HSC cells are a
source of ATRA that can skew T-cell imprinting in the
liver toward a gut-tropic CCR9��4�7� phenotype.
Given conflicting reports regarding the ability of HSC to
drive lymphocyte proliferation,29,30 we used human HSC
alone or with CD3/CD28 activation beads to activate

CD8 T cells over 10 days during which HSC lost their
retinol stores (Figure 6A). HSC induced low levels of
CCR9, and this was increased when IFN-�- or LPS-acti-
vated HSC were used, suggesting that HSC can donate
ATRA (Figure 4B). However, HSC induced low levels of
T-cell proliferation and suppressed proliferation in re-
sponse to anti-CD3/CD28 and thereby inhibited efficient
induction of CCR9 and �4�7� induced by CD3/CD28
and ATRA (Figure 6C and D).

Figure 3. Plasticity of human
CCR9 and �4�7 expression. Hu-
man naïve CD8 T cells were acti-
vated with or without ATRA, and
the plasticity of CCR9 and �4�7
expression was tested by re-
stimulation in the presence or ab-
sence of retinoids (A and B). T
cells were activated or reacti-
vated with liver DCs or anti-CD3/
CD28 beads � 100 nmol/L
ATRA. (C) The ability of CD8 T
cells activated under these condi-
tions to migrate to CCL25 (1000
ng/mL) was assessed in trans-
well chambers. Responses to
CXCL12 and BSA were used as
positive and negative controls,
respectively. (A and B) Represen-
tative FACS plots are shown with
percentage expression and
mean channel fluorescence in
parentheses. Data summarized
as mean channel fluorescence �
SEM. Legends to graphs detail
absence (�) or presence (�) of
ATRA at the first/second activa-
tion. (C) Data summarized as
mean percentage of input CD8
cells that migrated to the ligand �
SEM. n � 4, *P � .001, **P � .01
by Student t test.
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We then cultured murine stellate cells with CD3/CD28
beads and murine CD8 T cells to assess their effect on
CCR9 expression. Findings were similar to the human
cells with low-level CCR9 expression and poor prolifera-
tive response when HSC were used early during activa-
tion (Figure 4B and C). However, once myofibroblast
differentiation and loss of ATRA had occurred, the mu-
rine cells failed to induce significant levels of CCR9.

Discussion
The expression of �4�7 and CCR9 defines a

unique subset of gut-tropic lymphocytes. Imprinting of

this phenotype occurs during activation by DCs in GALT
and in mice is dependent on the expression of retinal
dehydrogenases to generate ATRA from retinol. RA binds
the nuclear RAR and forms dimers with RXR that bind
specific DNA sequences within the first exons of the
CCR9 and �7 genes.16 Although it has been reported that
mesenteric DCs from human colon induce high-level

Figure 4. Induction of CCR9 and �4�7 by murine hepatic dendritic
cells and HSC. (A) Murine FTL-3l expanded DCs were isolated, loaded
with LCMVgp33-specific peptide, and used 1:1 with P14 TCR naïve
CD8 T cells; control DC from cervical nodes were used with and without
ATRA, and CCR9/�4�7 expression was assessed. Murine naïve CD8 T
cells and HSC or myofibroblasts were cocultured over time to assess
CCR9 expression (B) and proliferation responses of CD8 T cells (C). (A)
Representative FACS plots are shown with percentage expression and
mean channel fluorescence in parentheses. (B and C) Data summarized
as mean � SEM. *P � .01, **P � .001 significant by Student t test.

Figure 5. Plasticity of CCR9 and �4�7 expression in mice. (A and B)
Expression of gut homing molecules on murine CD8 T cells reactivated
with or without ATRA. Naïve TCR-transgenic (P14) CD8 T cells were
activated with antigen-loaded spleen DC and either with or without
ATRA (first stimulation). T cells were then reactivated under the same or
the opposite conditions (second stimulation). (C and D) T cells reacti-
vated with or without ATRA were differentially labelled (red or green) and
injected into congenic mice to analyze their in vivo migration to different
tissues. (A and B) Representative FACS plots are shown with percent-
age expression and mean channel fluorescence in parentheses. (C and
D) Graphs show the mean � range. *P � .01.

B
A

SIC
–LIV

ER
,

P
A

N
C
R
EA

S,
A

N
D

B
ILIA

R
Y

TR
A

C
T

326 EKSTEEN ET AL GASTROENTEROLOGY Vol. 137, No. 1



�4�7 expression on responding T cells,11 the signals that
drive CCR9 expression and the role of RA in this process
in humans are not known.

Here, we report that human gut-derived DCs, like their
murine counterparts, induce RA-dependent expression of
�4�7 and CCR9 on CD8 T cells, whereas DCs from other
tissues including the liver induced only modest levels.
The inability of hepatic DCs or DCs isolated from portal
lymph nodes to induce high-level �4�7 and CCR9 ex-
pression on CD8 T cells is particularly significant given
our previous finding of this CD8 subset within the in-
flamed livers of patients with PSC complicating IBD. It
supports our hypothesis that these cells were originally
activated in the gut and then recruited to the liver in
response to ectopic expression of MAdCAM-1 and
CCL2518 rather than having been activated by hepatic
DCs, which aberrantly imprint �4�7 and CCR9 on re-
sponding T cells. This provides more evidence to impli-
cate T-cell activation in the gut in the pathogenesis of
PSC.

We demonstrate that expression of �4�7 and CCR9 is
exquisitely ATRA dependent in experiments in which we
manipulated activation of RAR with either RAR antago-
nists (LE540) or the provision of exogenous RAR� ago-
nists (ATRA or AM580). DCs could be replaced by anti-
CD3 and CD28 antibodies in the presence of RAR�
agonists. Thus, the minimum requirements for imprint-

ing CCR9 and �4�7 on CD8 T cells are T-cell activation
in the presence of a strong RAR� signal. One potential
source of ATRA in the liver is the HSC, which stores RA
in lipid droplets that are lost on activation. We carried
out experiments to test the hypothesis that HSC could
provide exogenous ATRA and thereby promote imprint-
ing of gut tropism on T cells. On their own, neither
human nor murine HSC drove efficient T-cell activation,
but they did imprint 10%–20% of cells with CCR9, and
this proportion increased if HSC were treated with IFN-�
or LPS, suggesting that HSC can donate ATRA. However,
the addition of HSC to cultures in which anti-CD3 and
anti-CD28 beads were used to activate T cells reduced
lymphocyte proliferation, resulting in poor CCR9 induc-
tion even in the presence of exogenous ATRA. This is
consistent with reports in mice that HSC fail to induce
full T-cell activation and instead generate T-cell anergy,
apoptosis, or regulatory T cell induction.20,29 Our murine
experiments suggest that HSC lose the ability to promote
CCR9 imprinting as they become activated and differen-
tiate into myofibroblasts. The ability of quiescent HSC to
imprint CCR9 while failing to induce full T-cell activa-
tion could result in the generation of gut tropic regula-
tory T cells. Such a response would be appropriate to
prevent the induction of uncontrolled mucosal inflam-
mation in response to commensal bacteria or food anti-
gens that are presented in the absence of inflammation.

Figure 6. Human hepatic stel-
late cells as retinoic acid donors.
(A) Quiescent human HSC were
obtained from noninflamed liver
tissue. Loss of auto-fluorescent
retinol-containing lipid droplets
occurred between days 5 and
7 in culture. (B) Cocultures with
CD8 T cells with or without
added anti-CD3/CD28 beads
were performed over a time
course consistent with the loss
of lipid droplets. (C) CD8 T-cell
proliferation was measured by
CFSE dilution. (D) The effects on
CCR9 expression by the cocul-
tures with cytokine stimulation
(10 ng/mL IFN-� or TNF-� or 1
�g/mL LPS were assessed.
(B and C) Data summarized as
mean � SEM. (D) Representa-
tive FACS plots are shown with
percentage expression. N � 3
different HSC donors. *P � .01,
**P � .001 significant by Student
t test.
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Although human and murine data were comparable,
there were differences in the time course of CCR9 and
�4�7 induction. CCR9 and �4�7 peaked at 7 days in
human T cells and 3 days in mice.16 Human liver DCs
were poor CCR9 inducers, whereas their murine counter-
parts induced intermediate levels, albeit significantly
lower than those seen with ATRA. This could reflect the
fact that Flt-3 ligand was used to induce large numbers of
hepatic DCs in the mice, and these cells may not reflect
the physiologic norm. The ability of some hepatic DCs to
induce low-levels of CCR9 together with our observations
that human hepatic DCs induce RA-dependent �4�7
expression, albeit at significantly lower levels than seen
with mesenteric DCs, suggest that ATRA production is
not restricted to MLN-DCs and that hepatic DCs may
contribute ATRA in the correct microenvironment, al-
though not at sufficient levels to induce the high levels of
�4�7 and CCR9 seen with MLN-DCs. Differences in the
activity of retinal dehydrogenases that convert retinal to
ATRA between DC subsets could explain these findings.
It is possible that all human DCs express some retinal
dehydrogenases and can produce low levels of ATRA but
that only MLN-DCs express the relevant isoforms at a
high enough level to maintain high levels of �4�7 and
CCR9.16 It is also possible that the microenvironment in
GALT modulates ATRA metabolism and generates sup-
plemental ATRA to augment DC-derived ATRA. This is
consistent with the wide range of effects ascribed to
ATRA in the immune system and its emerging role as a
cofactor in the generation of regulatory T cells.20,31

Recent studies in mice suggest that the �4�7�CCR9�

phenotype of mucosal T cells is not stable and that
reactivation at another site can reprogram homing recep-
tors, thereby changing the pathways of effector cell traf-
ficking.21 Our data confirm that CCR9 expression on
human CD8 T cells is also plastic and that reactivation in
the absence of ATRA leads to loss of CCR9, whereas
reactivation in the presence of ATRA can induce expres-
sion in cells lacking CCR9 after initial activation. Thus,
ATRA has a dominant effect in regulating plasticity of
CCR9 expression and the ability of lymphocytes to home
to the gut. However, �4�7 expression was only partially
down-regulated by reactivation in the absence of exoge-
nous ATRA in human and murine experiments. These
findings are consistent with the widespread expression of
�4�7 on T cells activated outside the gut with only
high-level expression restricted to mucosal T cells.32

Hence, the trafficking of memory T cells that have been
generated in the gut by MLN-DC can be altered following
encounters with DCs in other tissues. Because these
memory T cells continue to express �4�7, they could be
recruited to inflammatory sites at which the ligands for
�4�7, MAdCAM-1, and vascular cell adhesion molecule-1
are expressed.33 Thus, gut-derived T cells may be re-
cruited to extraintestinal sites to account for the extraint-
estinal disease seen in the skin, joint, and liver of patients

with IBD.23 This provides a rationale for the use of
anti-�4�7 and CCR9 therapies in the treatment of gut
and gut-associated hepatic inflammation. Anti-�4�7
monoclonal antibodies10 and small molecular inhibitors
to CCR9 are currently being assessed in phase II and III
studies in IBD and are likely to yield very specific antiin-
flammatory therapies that may have applications in dis-
eases such as PSC.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.02.046.
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