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HNTRODUCTHON

The dramaiic improvements ino shortteron salld
angan lransplant outoomes have not been mirroned
by comparable improvements in long-ferm. gratt
siivival [1, 2], Gealt Inss and recipient death at inter-
prcciate ard Tare tfime points are due o vadable
mix ul (he side-oftocts of Imenmasappressian and
inadequeate control of e alloimounicy leading to
progressive il Wjury. Many Lelieve Ihat incuc-
tiomn of tolys, folerancr could address soane of [he
fartars thal comtritze (o prernature grall loss and
patien! death. Conslsient with this conleniion twu
o recerntly pepocted 2 comparisen af outcornes
ol tolerant uud nantaierant kidoey ansplaot ecip-
iemts. Lhese reporce deinonsirate that ialiviciuals
actieving tolerance had redoced ncldences of
Iypertension, Lyperdipidemia, de-non diabutes,
maligoaiicy, and tafoctiom as wwell as caperiencing
improved  graft survival wersus  conveutionally
o paclents [3°4%)

A ragior {aclor Tmitng the beoader clinical
application af slrategics 1w indure mlerance is Lhe
lack of peliabls markers Lo predict those fucivicduals
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KEY POINTS
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ared poiandinlly prowvicls ingigh s infa the mechaatsm]s)
o telereae thet may oid in ke desion of foleano:
induciag [ mmeosappressea rgimens.

= Bivnarkars nssocoted with lolesanen fellowing Lidrey
ireaspdeabahon wie comianted by facreuses 0 B cell
ambess aned the exprossion of B callrelated amans in
e bluod os well as deliects in B oall mataration one
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OVERVIEW OF CLINICAL TOLERANCE AND
BIOMARKERS

Al bwughtransplan [alioo lerance was (sl incduced
I experhental medels in e mid 10505, 1 was woet
until T975 Ihal tulerance in clinical Lrapsplantation
et Teparted [3] Dy the 19905 impeovements in
Inurureeuppression, suegical techaique, ansd our
understausling of rmaunalogy bad improved (o
the point thal thure was renewed cathosiasm Too
ethorts i induce tolerance in human transplant
reciplents, and with (s has come offorls Lo actine
amardkers of tolerance,

Itis impatiant to keep in mind Lt biomarkers
way provide Infocmesien abowl the mechanism
respensible far the (olenat state, or shoply oo
be #ssaciuted with rhe stale Lot aot fna causal
velationahip, I the case of Itansplantation raler
arzce, the farmer would be ideal, as il would ot
anly blp inform palivnt core, bl provide oew
inslghls inlo wlerance hal would assist n (e
design and developoent of navel stastegics. The
Litter can, howrever, still oo of graal cligical valuc.
Tovdale, inoet measoces Lo idenetify ot peedicl toans-
Fantation wlerencoe have appeeccd to fall inla (he
latter caregoey as they lack dlear evidenoe that I
prlentity a mechanizim ol tolerance (1 nadalile exeep-
ol is Bdorrss e afll |6™], sse furcher halose),
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With respect tolhe assays themselees, alllouph
it wonild geem inmitively chvious taat the demean-
stration of dang-specific hypores pocsiveness nsing
cellulir sesays woonld Be of greates: walue i g gesessing
tleranie, the develapmenl of these types al cell-
hased assave las proven Toosialiogly difficnlt 1a
fact, much al e success to Jale o developing
Divesurkers of Inlemuare has boon achliever] Lsing
shudies of gene expeession wnd phenolyping of
Immmine cells by glow cvbome iy, AL Lhis time, ather
methiodolngles such as vpigeneres, proleomics, and
metabolommics have nal been broadly examinel in
the sellTng of transplanialiog. Finally, this overview
will Focus primarily on bomarkss associated with
telerance fellowing  kidoey and liver Lmosplan-
tallan, as thome 45 A pauciiy of data periaining to
tnlerance fullowing the Iransplantation of alher
vrgans. As will be seen below, Xidoey and live
bicenarkers difer siguificanthy, and 1108 feasonahle
o speculute that the Diowarkers assoclaled with
tolerance for other argans s Ussues may he dis-
tinct as well [4].

BIOCMARKERS IN SPONTANEOUSLY
TOLERANT KIDNEY TRANSPLANT
RECIPIENTS

Cine al b corlicst attempls Lo define a calermoce
sigmarure i kidoey transplant recipiencs was thar ol
Bromard et @l [8] wlo reported & preediclive cxpres-
sipn pattern of 33 genes, Of nuste, 27% 00 e jdett-
IFed geoes were inwvolved in che rejmlation af e
immuncmedulatory  cytokine TGEE [H]. Thesa
autiors alio noled preater numnhers of foxpd ™ cells
In the pedpheral Blond of lolerant patients wlaidve
e pelienis expericnoing chronic rejection. This was
ultimarely  alldbuted to a refalive dectoase in
Dexpd  colls o cliecoic reiection raihee Lhan an
Inereaze in Foxpd cells i tolerant seclplents wasl
Mustrated e challenges of dentitving an appo-
prigts conmparison popualation, Lsiog the com

siowedl approaches al gepe expression pealiling and
imunune cell phenatyplog e flow cvtomeny, e
arrn s subsequently reporied e unespected nd-
ing that talerant patients {compared with clinically
stuble patients o standard Sssunosuppoession)
Itad fnercased numhers of B ocells and B cell-relitedd
EEne expressiun in periphecal bloaod [9-11], Tala
froen the Trmucee Toluerance Network (11N} sudy
plicated that nol coby were Booells and B ocell-
relaled  trumscripts moce sbundant in lalecan:
pattents Lul also the B oell pepectaine was shewed
toward mare Lpasitional and natve b aells wnd thai
Lriraseripts fror e el iarker S0 we e ineceased
In e uelnary sediment cells of tolerant patienls [4].
Unpuiblishiec Eocdings feom e anpueing [T stody
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Tolerance induction

indicate that our previously reported B cell-based
tolerance signature persists over time in tolerant
recipients and that individuals rendered tolerant
using a protocol of combined kidney and bone mar-
row transplantation display similar overexpression of
the B cell-associated gene most predictive of toler-
ance (K. A. Newell and L. A. Turka, in preparation).

Lozano et al. [7] compared the patterns of gene
expression reported to be associated with tolerance
in the three studies referenced above and identified
35 genes in common that were predictive of toler-
ance. Of these 35 genes, 24 are closely related to B
cells. Baron and colleagues subsequently performed
a meta-analysis of five studies of spontaneously
tolerant kidney transplant recipients [7-9,11,12].
Their analysis of 96 tolerant samples from these five
studies revealed a panel of 20 genes for which the
expression profile predicted tolerance with a 92.5%
accuracy [13"]. Most of these biomarker genes were
associated with B cells, but to a lesser extent they
were also related to CD4 T cells and CD14 mono-
cytes. An additional piece of evidence suggesting
that B cells may be a marker of tolerance is the
finding that expression of miR-142-3p, which may
modulate the expression of numerous B cell immune
response genes, is increased in both the peripheral
blood and B cells of tolerant recipients relative to
those receiving conventional immunosuppression
and that this difference is stable over time and not
modulated by immunosuppression [14].

Although most of the data cited above support
an association between B cells and tolerance follow-
ing kidney transplantation without suggesting a
mechanistic relationship, using in-vitro assays
Chesneau et al. [15%] suggested that B cells from
tolerant kidney transplant recipients exhibited a
defect in the late stages of differentiation into
plasma cells. As a consequence, there were relatively
more transitional and naive B cells and fewer plasma
cells. It is interesting to note that in their assay
system B cells from tolerant patients produced
more IL-10 than did those from nontolerant
patients confirming previously published results
and suggesting both differences in the maturational
status and function of B cells in tolerant patients.
This group [16™] recently extended these findings
by demonstrating that B cells from tolerant kidney
transplant recipients, but not those from recipients
with stable function who are receiving immunosup-
pression nor healthy volunteers, suppress effector T
cell function in vitro in a dose-dependent fashion
through a granzyme B-dependent pathway. Given
that many of the other biomarkers of tolerance
cannot distinguish between tolerant patients and
healthy controls, the finding that B cells from tol-
erant patients differ functionally when compared
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with cells from healthy controls is potentially of
great importance, as it suggests that the tolerant
state may not merely be a ‘drug-free’ state. Finally,
tolerant patients had higher numbers of granzyme
B-positive B cells. The observed increase in gran-
zyme B-positive B cells was dependent upon IL-21
causing the authors to hypothesize a feedback loop
between B cells and IL-21 producing T cells.

The prevalence of a B-cell-related tolerance sig-
nature following renal transplantation is an import-
ant and incompletely addressed question. Any
biomarker, regardless of its predictive accuracy, will
be of little value if it is so rare in patients receiving
immunosuppression as to be practically not action-
able. Using the expression pattern of 20 genes that
they have previously used to identify tolerance,
Brouard et al. [17] reported that only 3.5% of 144
kidney transplant recipients with stable function
receiving conventional immunosuppression at 5
years displayed the tolerance signature. Moreso
et al. [18] have examined the expression of genes
related to B cell differentiation, B cell numbers, and
the number of transitional and naive B cells in several
cohorts of renal transplant recipients including
tolerant patients from the original ITN study,
patients with stable function treated with a CNI,
patients treated with azathioprine, healthy volun-
teers and patients with chronic rejection. They con-
firmed the increased expression of IGKV1D-13 and
IGKV4-1 in samples of tolerant patients. Their find-
ings also demonstrated a time-dependent increase in
the prevalence of the tolerance signature defined by
these molecules in patients with stable function who
were treated with a CNI with 0%, 7%, and 25% of the
patients in these cohorts displaying the tolerance
signature at 1, 5, and 10 years following transplan-
tation. None of the patients with chronic rejection
or those treated with azathioprine displayed the
markers of tolerance. Although the numbers of
patients in each cohort were quite small, these data
suggest that the expression of tolerance biomarkers
may increase over time following transplantation
and vary with the choice of immunosuppressive
agents. Consistent with this finding, Benitez ef al.
[19] reported that the success of withdrawing
immunosuppression following liver transplantation
increased with time since transplantation. We have
recently completed enrollment of 249 patients
treated with different immunosuppressive protocols
in an ITN-sponsored study designed to determine the
prevalence of the ITN ‘tolerance signature’ in patients
receiving conventional immunosuppression who
demonstrate stable graft function between 1 and
5 years after transplantation.

Two recent studies have suggested a complex
relationship between B cells, other immune cell
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populations, and tolerance. Roedder et al. [20™] used
transcriptional profiling as well as flow cytometry
to examine samples from HLA-mismatched renal
transplant recipients and nontransplant control
individuals. Their analysis identified three genes
(KLF6, BNC2, and CYP1B1) that predicted oper-
ational tolerance and found that 7.3% of a cohort
of 150 patients met this three-gene criterion. Phe-
notypic analysis of sorted cells from the peripheral
blood of tolerant patients showed an increase in
myeloid-derived dendritic cells and their gene prod-
ucts. Finally, Braza et al. [21""] have recently pub-
lished findings that suggest a role of regulatory
T cells in tolerance following kidney transplan-
tation. This study examined differences in the levels
of demethylation of the Foxp3 Treg-specific deme-
thylated region (TSDR) in circulating CD4 " T cells in
tolerant patients compared with healthy volunteers,
patients with stable renal allograft function receiv-
ing immunosuppression, and those with chronic
rejection [21™"]. They noted a higher proportion of
CD4" T cells with demethylated Foxp3 and an
expansion of Foxp3™ memory Tregs with greater
suppressive properties in tolerant patients as com-
pared with the other groups.

Study of biomarkers associated with the
intentional induction of tolerance in kidney
transplant recipients

As reviewed elsewhere in this issue, several groups
have now reported strategies that promote the
development of tolerance in a significant number
of selected kidney transplant recipients (their most
recent experiences are summarized in [3%4"22].
Although the individual protocols differ in many
ways that may ultimately be important, they share
in common the administration of donor antigen in
the form of hematopoietic cells, the requirement for
nonmyeloablative conditioning, and the gradual
tapering of immunosuppression. Although it would
seem intuitively obvious that it would be more
informative to conduct mechanistic studies to
identify biomarkers in these study populations in
that one can obtain samples throughout the process
of tolerance induction and maintenance, the mech-
anistic insights gained from these approaches have
been hampered by the small numbers of patients in
these early exploratory studies.

Both the Stanford and Northwestern/Louisville
groups have emphasized that the maintenance of
macrochimerism for periods of at least several
months is correlated with the development and
stability of tolerance. In fact, the Northwestern/
Louisville group has reported that persistent chimer-
ism is a better predictor of the maintenance of

1087-2418 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

tolerance than is donor-specific hyporesponsiveness
in vitro [23]. The group from Stanford has suggested
that the relative sparing of Treg relative to Teff cells
associated with their regimen contributes to the
development of tolerance [24]. The Massachusetts
General Hospital investigators found that the toler-
ant phenotype is associated with the persistence of
donor-specific hyporesponsiveness in vitro and
an increased proportion of CD4*CD25VCD127~
FOXP3* Treg during the early posttransplant period
suggesting a suppressive component to tolerance
that disappears at later time points [25]. More
recently, the MGH group reported evidence for
deletion of donor-reactive T cells in tolerant, but
not nontolerant patients or those receiving conven-
tional immunosuppression [6™]. Using high-
throughput sequencing of the T-cell receptor B
chain CDR3 region, they identified donor-reactive
T cells prior to transplantation and tracked them
following transplantation. They noted a reduction
in donor-reactive T cells following transplantation
in tolerant patients but not those failed to develop
tolerance or those treated with conventional immu-
nosuppression. The deletion of donor-reactive T cell
clones correlated better with the tolerant state than
did donor-specific hyporesponsiveness as assessed
by in-vitro assays. Although the numbers of patients
were very small, the results are of great interest
and this technique is likely to be used in many
upcoming studies.

Biomarkers of tolerance following liver
transplantation

There has been a paucity of interventional trials
aimed at inducing tolerance following liver trans-
plantation. This is particularly surprising given the
widely held belief that relative to other transplanted
organs livers are more resistant to the long-term
injurious effects of rejection and more predisposed
to the development of tolerance. Some investigators
have, however, examined spontaneously tolerant
patients or conducted trials in which patients have
undergone closely supervised drug withdrawal; a
scenario in which several studies have suggested
that in carefully selected cohorts of liver-trans-
plant recipients the incidence of spontaneous
tolerance may approach or even exceed 50%
[19,26,27]. These studies have led to the descrip-
tion of a number of potential biomarkers of liver
allograft tolerance.

Early studies in spontaneously tolerant pediatric
recipients of living donor partial liver allografts
reported an increase in the frequency of CD4*
CD25" T cells, B cells, and the ratio of V§1/Vs2
gamma-delta cells in the peripheral blood relative to
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recipients presumed to be oonlolecant [28]0 This
goonp has subseouently ceported that both Boxps
cxprossiog L U el and Vil expressing ganmima-
deelta vells accnmuiate withiu the Jiver allografts of
tolerant rechpionts relative (o Thase receiving imeeu-
nasuppression or with chronie rejection [28,30], Al
about the sare iime, Mararicgos of @, [31,32] dem-
amstrated [hal tolerant recipiznt: of livers from
cleceased donors had increased noambers of plasmm-
cviobd dendritic cell precursors Telativie T auenoes-
toid dendritic cell precursors in thweic blood and that
this wirs independent of tione since discontimation
al immunnsaprression: ve be 1ype of imoouns-
suppression wseil,

o recerlly, a number of groaps Lave ollized
it irays o POT methocdology 1o campare the
expresslon of large ubers af genes in lerant i
montolerant Bver-Lransplant mecipicots, barlioez-
Llordelly «f & [33] reportod an incpeass 1 fean-
seripls assacialed with 8 T cells and nalural killer
(MEY cells i the periphersl blaod of folerant e

ransplant revipicen s, Canslstent with these Lnding,

T ef ol [34] defined a set of 13 genes thial are ighly
exprossed in W cells and that wese lalmeely over-
expressed In tolorans pediatode and adult transplant
reriplents. The ovwerexpression o those  geies
appeared to be Independent of clindcel of dema-
praphic variahles. Mo impressively, a subsct of
anly hree genes wis highly accurate in distinguis-
ing tolerant trom nonlolerant TRCpHCTEs i o sepi
ate cohort, Lo he mast comaprehensive sy ol 18
type bo dale, this group [45] coamined pecipheral
Lloend o211 phemotypes os well A5 Fene exprossioo
prafiles in the blogd and &'Tngraft of paticuts pros Lo
ared following atlempted woaning ol immunosiap-
prission, Slmilar to previoos peparis o this gronp
and  others,  tolerant  recipisnts . displayod an
Inereascd propoction ol ME cells and a decrensed
proportion el Y82 gamma delta T cells bn thelr
puriphieral Waad. An nercase I the propotion of
CL4TCNAS CD27 Beapd™ L cells in the blood wis
alan noted albeit culy aller 12 moenths folowiog
discontinuaticn of  Immunosuppression,  These
investigalors alsn noted that peoe expeession pat-
terns af liwer allogratt biopsics paiar tnoattempted
diug withdraval woene also blghly predictive ol Lol
erance. Most strikingly, the gone sets ditlerentially
cxpressed in e Dwer allograft and blaod showed
Litthe if aiw panerlap with te allografts of tolerant
CECIPETITE OVETE R prissLE DU meToLs genes elabed 1o
tron homcostasis, When comparing the prediclive
nower of gene sels derdved trom blood and Tver
atlograll Lssue prior oo attempted weaning of imna-
nasuppression, the gene capeesslon signatuee ot the
lver allopratt s accurately prodicted the desel-
opment of (elerance.
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CONCLUSION

Famnerows studies ulilizing primariiy cell plenol ¥
ine by Hove cylomeny ar gone expression by mlorn-
arriey or PCR have been conducled fn folorant
Eidnew and lHver trzngplanl ceciplents. Somevhig
srprisingly, biomarkers assaciated with Lalesance
ditter deacmalically hetween the bwio organ ipes.
Spoilanecisly tolerant kidoey Liansplantrecipicnts
dppear o have increased oombers ot Booells irag
erverTpTess wumerads Booell assouiated genes in
thuir blow], Becent shadics bive supgesled (hat B
cells Toom tolerant kidoey Lo plant recipients iy
differ in their capacily 1o matare ancd  posses
irnmune-suppeessive properoics notshared Dy B cells
fromn wonlalesan! recipients. Lu conlreast, felerant
liver allograll recipients are characrerized by an
Increased provalense of NE oflls and VE1 peoumna
dolza T ells in Uels Blaad and peres relaled Lo lon
hetoeestasls In Ihe Hwer allogoall, Delermining
witedy, 1 any, of these tincdings are shared hy incdi-
viduals underpeing vlher IFpes of organ trcs-
plantation o trealed asing protocols specilically
desigraed (e induce foleranoe renaing (0 e detor-
wiined,
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