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Clinical trials have indicated that autologous hematopoietic stem cell transplantation
{HSCT) can persistently suppress inflammatory disease activity in a subset of patients with
severe multiple sclerosis (MS], but the mechanism has remained unciear. To understand
whether the beneficial effects on the course of disease are mediated by lympho-depletive
effects alone or are sustained by a regeneration of the immune repertoire, we examined the
tong-term immune reconstitution in patients with MS who received HSCT. After numeric

recovery of leukocytes, at 2-yr follow-up there was on average a doubling of the frequency

of naive CD4 ¢ T cells at the expense of memory T cels. Phenotypic and T cell receptor
excision circle (TREC) analysis confirmed a recent thymic origin of the expanded naive T cell
subset. Analysis of the T cell receptor repertoire showed the reconstitution of an overafl
broader clonal diversity and an extensive renewal of clonal specificities compared with
pretherapy. These data are the first to demonstrate that long-term suppression of
inflammatory activity in MS patients who received HSCT does not depend on persisting
lymphopenia and is associated with profound gualitative immunological changes that
demonstrate a de novo regeneration of the T celi compartment.

Multiple sclerosis (MS) is considered a T cell-
mediated inflanmatory demycehinating disorder
of the central nervous system {CNS; reference
1}, although other immune factors such as
compleiment and antibodies as well as factors
intrinsic to the CNS are thought to conuibute
to discase expression, MS mainly affects young
adults and ofien leads to substantial disability at
an carly age, resulting in enormous sociocco-
nomic costs. Most paticnts sufter from relapsing—
remitting disease, which later evolves into a
secondary chronie disease process. The role of
awtonnmune inflammation s probably more
important during calier stages of the disease,
when CNS damage is still Emited, Once the
secondary progressive course has set in, in
some aspects MS resembles a nearodegenerative

The online version of this arscke contains supplemestal matesial.

discase with continuously increasing disability
and more Emited or no inflimmadon. Cur-
rently, there is no curative treatment of MS,
particularly for patients with rapidly worsening
discase. Immunomodulatory agents have been
approved for relapsing—remitting MS but no
treatinent, cven intense immunosuppression,
appears to be effective during the later pro-
gressive disease stages. Phases [ and 1 elinical
trials have sugpested that immune ablation fol-
lowed by autologous henutapolietic stenn cell
transplantation (HSCT)} can suppress brain in-
flanmation in the majority of high—risk patients
refractory to approved treatments and, in some,
may also arrest or delay progression of clinical
disability {2, 3).

The radonale for HSCT in auteimmune
discases has been the notion that intensive im-
mune depletion could climinate autorcactive

Supplemental Material can be found at:
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Figure 1. Resolution of inflammatery disease activity after HSCT.
Representative contrast-enhanced MRI axial scans of the brain of patient
2 at pretransplant evaluation ttop) and at 2-yr follow-up fbottom) ilius-
trate a long-lasting resoluticn of inflammatory disease in this patient with
high pretransplant activity {arrows point at 3 out of 17 total enhancing
lesions present in the brain pretherapy; no enhancing lesions were de-
tected after therapy).

immune cels irrespective of antigenic speciticity and that re-
generating the immtune system fram hematopoictic precur-
sors could reestablish tolerance (4). However, available data
on Immune reconstitution i patients with awtohmmune dis-
case are hinited to 1 yr of follow-up posttransplantation at
most (3-8}, and no study has demonstrated that HSC'E can
actually “reset the immunological cdock™ by detecting phe-
notypic or functional renewal of the immune repertoire dur-
ing tong-term clinical remission.

To address the question whether there is such immune
regeneration in patients with MS who cease to present in-
flammatory discase activity after the treatment, we stodied
the mechanisms of long-term T cell reconstitution in seven
patients with MS that we prospectively followed for up to 3
yr after receiving a high-intensity myelo- and immunoabla-
tive HSC'T regimen {Table [ and Fig. 1}, Our results estab-
lish that HSCT goes far beyond mere immune ablation and
provide evidence of extensive renewal of T cell repertoires
after HSCT.

RESULTS

Leukoceyte recovery

First, we assessed basic aspects of the patients’ immune recon-
stitution by flow cytometry using leukocyte lincage and sub-
population markers. Because lymphocyte numbers are recon-
stituted early atter HSCT (9), we expectedly found that mean
absolute lymphocyte counts (1.20 % 048 X 10? cells/plL
blood) were already back to bascline levels at the 6-mo fol-
low-up {1.20 = 0.70 X 10% cells/pL) and remained stable at
the {oyr incan 1,15 * 0.32 X 107 cells/p L) and 2-yr follow-
ups (1.34 + 049 X 10° cells/pL). At 6 mo and subsequent
time-points, there were no signiticant changes trom prether-
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Table I. Demographic and clinical features of patients

Clinical
relapses Clinical Clinical
Patient Discase in2yr relapses  follow-up - -
code Genderfage course? before HSCT after HSCT  after HSCT
yr fo. mg
1 Mfs3 SP-MS 2 0 38
2 M[30 RR-MS 4 0 28
3 Fis3 SP-MS 3 0 28
4 Mfz8 PR-MS 2 0 28
5 Mfds PR-MS 4 0 27
] Fla7 SP-MS p 0 25
7 M/51 SP-MS 2 0 21

3PR-MS, progressive-relapsiﬁg MS; RR-MS, relapsing-remigting MS; SP-MS,
secondary progressive MS.

apy i the proportions of CID31 T cells, CD19*/CD20T B
colls, NK {CI23-CHA6Y), NK T cells (CD3YC156%), and
CD14* monocytes unpublished data). The CD4/CD8 ratios
were sigmificantly decreased ac 6 mo after HSCT compared
with baseline fnean (.4t vs. 2,37; P << 0.001) due to reduced
propartions of CI4* T cells in the carly posttransplant phase,
Comsequent to the gradual normalization of CIX4* and
CD8* T cell absolute counts, CI4/CDA ratios were revert-
ing toward baseline levels at 1 yr {mean 0.73; P = 0.002) and

were no longer significantdy different ac the 2-yr follow-up -

(mean 1,79; P = NS), in agreement with data on immune re-
constitution in other discases {10). The ebserved recovery of
lymphocyte aumbers indicated that the prolanged absence of
new M3 inflammatory discase activity after HSCT did not
require a persistent lymphopenia,

Increased naive T cells and decreased central-memory T cells
after posttransplant immune reconstitution

Whether protective or pathogenic, T cell effector functions
are mediated by memory (peripherally primed) cells; there-
tore, climination or reduction of memory cells is likely to
reduce the number of pathogenic cells in a subject with an
immune-mediated disorder. In contrast, the influx of de novo—
generated naive cells is recognized as an important compo-
nent of innune tolerance {11}, To assess the effects of HSCT
on the size of the maive and memory T ecl pools, we used
phenotypic markers that allow us to distinguish various func-
tional ditferentiation stages, including mive (T, cenmal-
memory (Teyg), and effector-memory (T cells (12), The
longiudinal analysis of the frequency of these subpopulations
after HSCT is shown in Fig. 2. At 6 mo posttransplang, there
was o trend toward a reduction of maive (CIM4ARA™/
CI4SRO™/CD274) CD4* T cells (CD4 T}, consistent
with the prevalence of effector—memory phenotypes resulting
from homeostatic profiferadon in a lymphopenic environ-
ment (13-13), Central-memory (CD453RA-/CIMIRO/
CD27%) CD4* cells (CD4 Ty decrcased steadily during
the postransplant follow-up, The proportion of cffector—

T CELL REGENERATION AFTER HSCTIN MS | Muraro et al.
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Figure 2. Phenotypic analysis of naive and memeory T cell popula-
tions. All values are the percent expression of the indicated T cell subpop-
uvlation at pretherapy and follow-up time points. ffeft) Subsets of CD47 T
cells and (right) subsets of CD8™ T cells, each categorized as T, naive T
cells; Ty, contrai-memory T cells; and Ty, effector-memory T cells, The
boundaries of the boxes indicate the 25th and 75th percentiles, the lines
within the boxes indicate the median, and the whiskers mark the 10th and
the 90th percentiles. We observed a statisticaily significant {greater than
wwofald) inerease of CD4 T, and a decrease of CO4 Te..

memory  {CD4Y/CRASRAT/CRASRO/CD2ZT7) Chy?
cells (CID4 Ty rose significantly at 6 mo after HSCT and
later declined toward baseline levels atter the graduat replen-
ishment of the absolute CD4Y T cell numbers. Of note,
when we examined the net outcome at the end of the 2-yr
follow-up, we found a more-than-doubled fFequency of
CDA T, e as compared with pretherapy (118% increase; P =
0.032). Correspondingly, CD4 Ty cells were significantly
decreased at 2 yr after therapy (by 38%; P = 0.008), The fre-
gquencies of CD4 or CDE Ty and of CD8 T, did not
change significantly at the Z-yr follow-up compared with the
baseline, The atypical effector-memary phenotype of oligo-
clonally expanded CID8* cells appearing posttransplant, as
shown later, should be aken into account for the interpreta-
tion of these data. There was a trend to a decrease of CID8
Ty percentages at the 2-yr follow-up (32U reduction), but
the study was underposvered to assess the statdstical signiti-
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cance. Together, our analysis showed that approximately one
tourth of the CH4* cell pool accupied by CID4 Teyy was re-
populated by CD4 T . cells, leading 1o a 76% reduction of
CI Ty /CHH4 T ratios (from 4.72 to 1,12, P = 0.035).
These data support the notion that HSCT can induce a phe-
notypic rejuvenation of the CDHT T cell repertoire.

Increased output of recent thymic emigrants (RTEs)
To determine the source of the increase of phenotypically
maive CI47 cells, we took two approaches to assess the thy-

mic versus peripheral origin of the reconstituted ' cell pool. |
To identfy RTEs in the CD4* subset, we first used as

marker the expression of CD31 in combination with’
CI45RA and CIM3RO), as described recently (16). The
mean frequency of CID4 RTEs {CD4Y/CD45RAY/
CP45RO7/CDAT?), reduced at 6 1m0 postiransplant, subse-
quently recovered and doubled from 18% at baseline to 36%
ae 2 yr atter HSCT (P = 0.028; Fig. 3 A). To continm and
extend the analysis, we used a highly specific assay to mea-
sure the presence of de novo-gencerated T cells in peripheral
blood based on the quantification of T cell receptor excision
circles {TRECs). TRECs are stable DNA episonies formed
during rearrangenient of the TCRAD locus during T cell

¥ P =001 (RM-ANOVA
Az 01 ( VA)
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Figure 3. Measures of thymic output after HSCT, (A) Phenotypic
identification of RTEs in the CD4 ™ subset shovied a significant increase of
CD4* Biks at 2-yr follow-up. (B} TCR excision circle {TREC) analysis showed
full recenstitution and increases of D4 RIE output at 2-yr follow-up.

{C) Duc to extensive peripheral cell division, CB8 TREC levels only recavered
up to near-pretherapy levels. Age-related interindividual variance and the
small number of patients precluded a statistical evaluation of TREC data,
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differentiation in the thymus, Because TRECs do not repli-
cate with cell division, they have been successtully used as a
marker for R'TEs (17). We followed the cvolution of TREC
levels after HSCT in purified CD4? and CDEYF cells (Fig.
3 B). As expected, TREC content was generally decreased
in both subscts carly (6 mo) posttransplantaton, when im-
mune reconstitution predominantly relies on peripheral ex-
pansion of the aontolagous graft. However, starting T ovr after
HSCT, CD4 TREC levels rebounded from a median of 848
TRECs/10° CD4™ eells at bascline to 6,689 TRECs/ 108
CD47 cells at | yr and 4,602 TRECs/ 105 CIX™* cells ar the
2-yr follow-up (@ 7.9-fold and 5.4-fold increase, respec-
tively), Due to the small number of patients and interindi-
vidual variance {largely age-related), our study was under-
powered to assess the statistical significance of this increase.
Most patients recovered pretransplant CDE TREC at the
[-yr follow-up and after, but there was no overall increase at
the end of the 2-yr observation pertod (Fig. 3 C). When we
examined the correladion of the frequency of phenotypically
identified CH4* maive cells and CID4 RTEs, we found no
correlation in the carly (6 mo) posttherapy phase, but a
strong correlation was reestablished at 1 vr (Peason's 1=
.982 with P = 0.002) and further increased its significance
at the 2-yr follow-up; 1 = 6.988 with P < 0.001). This ob-
servation established further evidence to suggest a true thy-
mic origin for the observed phenotypic rejuvenation of the
CD4* T cell repertotre.,

Recovery of T cell receptor repertoire diversity
First, we followed the reconstitution of the peripheral blood
TCR VB repertoire using a panel of TCR VB—specific
monoclonal antibodies and flow cytometry at baseline and at
the 6-mo, 1-yr, and 2-y7 follow-ups, One patient showed a
trusient TCR VB expansion in the CD4% T cell subset
{paticnt no. 1, VBI7 at 6 mo after HSCT). In the remaining
patients (e.g., patient no. 4 Fig. S1, available at hup://
www jenorg/ cgi/content/ full/jem. 2004 1679/DC1), the
TCR Vf profiles of CID4% T cells remained stable through-
out the follow-up. In contrast, we frequently detected expan-
stons of individual TCR Vs atter HSCT in the CD8Y subset
(Table 1), These expansions were not associated with clinical
or laboratory signs of infection ar with MS relapses. Atfter a
27 follow-up, reconstituted TCR VB repertoires of CD4Y
T cells were very similar to the pretransphne repertoires,
showing in cach patient <4% absolute difference of expres-
sion for cach TCR VB. Due to the persistent expansion of
CD8Y T celis expressing individual VBs, we detected larger
differences in the 2-yr posttherapy profiles of TCR VB ex-
pression for the CD87 subset. Multdnnensional scaling anal-
ysis iltustrated how closely the reconstituted TCR V§ reper-
toires resembled cach individual’s pretreatinent profile for
CDd4* cells (Fig. 52, available at hetp/Zwww jenvorg/egl/
content/full/jenr.20041679/13C 1), This trend was seen 1o be
mare fimited when looking at CIEY cells,

To investignte i greater depth the evoludon of the pe-
ripheral TCR repertaire after HSCT, we used TCRB CDR3

808

Table It, Significantly expanded TCR VR-expressing cells
after HSCT

6mo 1y 2y

Paticnt  Tsubset  TCR Pre-Tx?  after Tx  after Tx  after Tx
1 Chg 81 25 8.8v MND 35
Cha BvVi17 10.5 32.0 ND 9.3
2 cbg! BvV18 0.5 6.1 2.2 2.0
Cchs~ 8V20 2.6 7.6 8.1 9.4
4 Chg* 8V1 57 4.2 15.6 9.8
cps” 8va 89 17.9 14.0 18.9
Cba+ BV21.3 1.4 3.6 2.9 4.6
6 cbg* BV1 5.2 ND 17.6 9.9
Wity BVE.1 35 ND 8.6 9.4
7 Chg™ BVS5.1 1.75 6.8 4.7 ND

Chg+  Bv23 083 49.9 53.9 ND

Tx, treabment.
‘Bold numbers indicate a significant expansion accordiag Lo the criteria gescribed in
Materials and methads,

spectratyping, This ceclnigquie allows us ta assess the clonal
compaosition of a T cell population and its overall diversity
based on the length of TCRB CDR3 (18, 19). For CD4Y
cells {12 samples analyzed), in every instance a full CDR3
length diversity was restored at 2 yr of follow-up, both when
CDR3 distribution at bascline was skewed (Fig. 4 A and not
depicted) and when it was normatly divesse (Fig, 4 13 and not
depicted). In the CDBY subset (72 samples), TCRBYV expan-
sions appearing at 6 1mo or | yr after HCST were usually asso-
ctated with a skewed, oligo-, or monoclonal CHR3-length
distribution {Fig. 4, A and C, and not depicted), Some CDIRA
peaks that were dominant at baseline reemerged at follow-up,
indicating that oligoclonal T cells that had rearranged the
same TCRBV gene and a CDR3 of equal length either per-
sisted or were selected and expanded again atter HSCT (Fig. 4
C). In six out of seven patients, both for the Cl34 and for
CI8 subsets, we observed almost exclusively the first two
patterns presented in Fig. 4 {i.c., increased or preserved diver-
sity). In patient 5, we frequently observed the reappearance
posttherapy of CII8* T cells with the same CDR3 length.
Interestingly, this was the only patient who had recurrent in-
feetions events during follow-up and the only patient who
had a substantial loss of CI28 TREC posttherapy. However,
evenr when we found a skewed CDR3-length distribution
posttherapy. the CDR3 peaks dhat were dominant pretherapy
became subdominant posttransplant, outnumbered by others
that were undersepresented or undetectable before therapy
Fig. 4 C and not depiceed). Overall, normal CIDRJ fength
distribution was reconstituted tor the majority of the TCR
repertoires, suggesting increased clonal diversity from de nova
TCR rearrangement. :

Extensive clonal T cell renewal after HSCT

To examine a section of the TCR repertoire ar the single
clone level, we cloned and sequenced TCRB transcripts
from sorted peripheral blood C124* and CD8* T cells ob-

T CELL REGEMERATION AFIER HSCTIN A4S | Muraro et al,
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Figure 4.  Analysis of TCR diversity. High-resotution TCRBY COR3
spectratyping analysis identified three pasic patterns of evolution of rep-
ertoire diversity: (A} recovery of diversity from a restricted repertoire, (B}
reconstitution of diversity from a normatly diverse repertoire; (C) and total
or partial pessistence [or reemergence) of repertoire skewing. Different
numbers of examples are shown to convey a carrect impression of the

tained at baseline and posttreatment, We seleceed 110 sample
pairs (preTx and corresponding F-yr or 2-yr follow-up) cov-
ering the three different patterns of reconstituton of TCR
repertoire diversity observed by CDIR3-length spectzatyping
and sequenced 90 clones on both DDNA strands for each sam-
ple (patient/time point/T subset/BV gene), Representative
results of sequencing-based clonotypic analysis for each of
the three categorics are shown in g, 5. When CDR3-
length diversity was increased or maintained (spectratyping
patterns A and B, respectively), we observed a very substan-
tial or complete renewal of the clonal specificities, New se-
quences represented from 90 to H00% of the examined por-
tion of T cell repertoire (Fig. 5, A and B, and not depicted).
For sample pairs with spectratyping pattern A, the vast ma-
Jority of the new sequences in the posttherapy T repertoire
fraction examined were unigue clones (appearing only
onee), consistent with the notion of increased repertoire di-
versity (Fig. 5 A and not depicted), Surprisingly, the propor-
tion of unique sequences increased positherapy also for sam-
ple pairs that had a spectratyping pattern B {Fig. 5 B and not
depicted), demonstrating an increased diversity of individual
clones within each CDIR3 length {i.c., within cach spec-
tratyping peak). [n the fewer observed instnces of limited
CDR 3-length diversity posttherapy (pattern C), the propor-
tion of unique sequences was reduced, as expected. The fre-
quency of expanded clones (same TCR sequence appearing
more than once) was always deereased posttherapy in pat-
terns A and B {Fig. 5, A and B, and not depicred). In con-
trast, tor pattern C, the total frequency of expanded clones
was increased posttherapy. However, the hierarchy of fre-
quency of preexisting individual clones was often reversed
posttherapy (1.e., dominant clones became subdominant and
vice versa), In addition, to our surprise, newly appearing

JEMVOL 201, March 7, 2005
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246bp  242bp 248bp  251bp  283bp

ohserved frequency of each pattern. Patters A and B were largely pre-
dominant exceqt for patient 5, who had recurrent infections. Vertical iines
are reference DNA size markers to provide the exact correspondence of
CDR3 peaks across different samples, n.d., not determined {due to unavail-
ahility of 2-yr follow-up for patient 7).

vlones (hotly expanded and not expanded) represented up 1o

100% of all TCRIBV gene family transcripts in posttreatment
samples with lhnited clonal diversity, indicating that clonally
expanded populations could originate to a large extent or’

even entirely from de novo-selected 1" cells (Fig. 5 C and

not depicted). The extent of clonal renewal, defined as the
pereentage of new sequences posttherapy {including both’
nenexpanded and expanded clones) ranged from 894 1w
100% for group A, from 90.4 to 1006% for group B, and from

12 to HOOK tor group C.

Effects on peripheral aspects of immune reconstitution

Because peripheral mechanisms of inumunce homeostasis dur-
ing and after immune reconstitution may also contribute to
the remission of inflammatory disease activity, we examined
by flow cytometry immunological markers of cell activation,
costimulation. adhesion, chemotaxis, and apoptotic pathways
on T eells, B cells, monocytes, and 1 cell subsets. Among the
mast significant changes we observed a prominent increase in
the frequency of CIY95/Fas® T cells at 6 mo posttransplant
(P << 0.002 for the CIY8Y subset), suggesting an increased
susceptibility to Fas/Fasb-mediated apoptosis (Fig. 6 A). We
focused further analyses on the CD8? subset because previ-
ous papers {9, 10} and our emerging data suggested a major
contribution of CDR™ T cells ta the peripheral {postthymic)

component of immune reconstitution. After HSCT, a arger’
proportion of CD8Y cells lacked CID28 expression and ox-
pressed CD57 (PP << 0,001 at all thne-points posttherapy com-'

pared with baseline; Fig. 6 B). CD8*/CD28~/CD7Y T

cells have been described recently as a subpopulation that is
unable to expand upon stimulation and is highly susceptible

to apoprosis {20). Considering the aforementoned oligo-
clomal T cell expansions in the CI8Y subser after HSCT, we
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fie] B¥19*03, TABII-3*0), TERGICH, o
& TREI2-1+01, TREDL4OD
TREII-5*C1, TRADLI*IL
R Unlquae segiences  (n - 43z £31.41) 1 shared 2 shared
expanded -l unigso
done
% ) | 2 yr post -Tx | ™S
}'l' B EH TPEV19GL, TERII-2401,
ws GO TRBYITOG2, TRBJII-570I, 7 ™
2} # M TREVIYA0:, TERIA-i*G1, TREOI*C) CASSSRGATYEQYY !.
8_ I B IrREVIDGl, TERIL-2+01, CES5I1DLIY 9 \ W _‘
S’ JEFTFEVLII2 6, TRRIL-201, CASFVPRTREQETGES / v
~ [unigue sequences  (no= 5% BO,&%) 4

@

AWETABVLL-10L, TRBI-I'OI, T
BB TRBYLI-2v04, IRBJ-FCOL, 1
c{}iravil

-2%01, TFRIZ-5e0F, TRELICOL O
TABle-1701, TRED2'OY
IAHIA-1 400, TRALFCOL
IRRJz-~1701, X

nes (o= vy Ah i)

rEgIPRVIL
FE irRvli
Brragan

Pre-Tx

AR TERYII-1001, TPEII-Z401, TRARLZ O]
i Travil-drol, TERIL-2°01, TRREBZ*DI

w

G{YTFBYII-Z 0L, TRRIZ-IA0Y, TRELIVOL
1OEE TERVIT- 3001, TREIZ-L'0], TREDLGD)
I B :rpV13i-30 04, TRBIZ-1'QL, TRELL'OL
JETRBVLIL-1004, TRIUZ-T401, TRUDIO]
[JUnfque sezusnnas (o = 53 11.81)

2 yr post -Tx

Figure 5. Extensive clonotypic renewal within the T cell repertoire.
We cloned and sequenced 90 clonal TCRs from sample pairs for each of
the three patterns of eyolution of CBR3 {ength diversity previously identi-
fied by spectratyping. One representative example is shown for each patlern,
Colored pie slices represent individual expanded T clenes. Color and size of
slices allow identification of the expanded clones and show their relative
frequeney, respectively. The geoup of nonexpanded clones (unique sequences,
not shown individually for their farge numbers) is shayen in Hght gray in

investigated the nature of these expansions with relevant cell
surface markers, alone or in combination with specific TCR
VB staining (Fig. 7, A and B). The examination of oligo-
clomal T eell expansions based on back-gating on the ex-
pressed TCRO VB (Fig. 7 B) showed that >>95% of the ex-
panded TCR VB-bearing cells was C1I537% (g, 7 C).

810

Patient 5, CD8+ TCRBVZ21 (TRB11")

CASSLARNYSYTT

CARAIFLAANYETIE
EASLAANTGYIF

¥ FRBY11-24C1, TFRIZ-14091, TREDI'O)  OASRINTTGEHSYNEQY
TAZRLEQGALYEQYF
SLVFIGFRSYHECEY
LYPTGENSYREDFTY
CARIELEOERLYEQYF

3 shared
oxpanded
tlones
{AB.F)

pretransplant samples and in white in posttransplant samples and, within
each one, the proportion of single clones persisting posttransplantation is
shown in dark gray. For the predominant patterns in A and B, we found a
prontnent increase of unigue sequences, denoting increased clonat diver-
sity also within the same CDR3 length, Pre-existing expanded clones were
either undetectable or reduced after thesapy. In the less frequent pattern
in C, preexisting or new expanded clones canstituted the majority of the
examined T repertoire after therapy.

Further characterization described these cells as CDYA/Fas™,
CIHORAT/7CISRO T /CD27 atypical effector-memory
CD8* T cells (Fig. 7 C). Because CD8/CD37H/CI28 T
cells represent a state of proliferative senescence reached after
extensive division in vive and loss of TRECs (20, their ex-
pansion after HSC'T accaunted for the lack of increase (or

1 CELL REGENERATION AFIER HECT I MS § Muraro et 2!,
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Figure 6. Phenotypic changes of the peripheral T cell repertoire,
{A} Transient increase of CD85fFas ™ in the CD4*+ and CD8* T cell subset
in the carly {peripheral) phases of immune reconstitution, suggesting an
increased susceptivility to Fasffasl-mediated apoptosis. Representative
histograms from an individual patient are shown {left} as is a summary of
data from all patients [right), {B) Persistent increase of CD8 */CD28 - fCDE7
T ceils dusing follow-up. (feft) An individual patient's example of CD8 *

loss) of CDE TRECs posttherapy in the individuals with
more prominent or pessistent TCR VB expansions in the
CDB* subset (patient nos, 2, 3, and 7).

DISCUSSION

MS 1s an inflammatory discase believed to have a T cell-
mediated autoimmunc origin, To understand the capacity of
T cells to regenerate after autologous HSCT in patients with
MS, we tocused on the long-term posttherapy reconstitution
of the "I cell immune compartment. The nmin question we
wanted to address was whether the favorable efteets of
HSCT on the inflammatory component of disease are
related to a "resetting” of the adaptive hinmune system. as
often postulated, or are simply the result of a long-lsting
tymphocyte depletion induced by the high-dose immunoab-
lative therapy. Because, n our work, the recovery of leuko-

JER VOL 201, March 7, 2005

gated analysis with the top histograms showing CD57 expressior, and dot
plots {bottom] showing CD57 {x axis} versus CD28 {y axis) expression.
[right} The box plot summarizes the data from all patients. CD8 *{CD28 ]

CD57' have been characterized as a terminally differentiated subpopula- )

tion with short telomeres, defective cytolytic functions, and increased
susceptibility 1o apeptosis.

eyte and T cell subset absolute numbers was not associated
with reemergence of inflammatory discase activity, other
changes in the immine sysiems must be considered to ex-
phin the observed discase relapse-free interval tor the entire
2-yr posstherapy follow-up.,

Our data show that a dhymopoietic pathway of T cell’
regeneration s activated in MS patients treated with HSCT
and leads to immune renewal. The evidence supporting this
notion is as follows: (a) the increased trequency of pheno-
typically natve CI4* 1 colls; (b) the decreased frequency of
central-memory T cells; (¢) the expansion of phenotypically
identifiecd CD4Y RTEs; {d) the increased TREC levels
in the CI4* subset and the adequate recovery of CDS$
TRECs in spite of extensive peripheral division in this sub-
set; (2) the overall improved clonal diversity of the TCR
repertoire; and (1) the extensive clonotypic rencwal shown
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Figure 7. Characterization of oligoclenally expanded CD8* popu-
lations, (A} [n the exampte shown, TCR VB back-gating in combination
with CDR3 spectratyping of C08* T cells {top inlzys: black box, preHSCE;
red box, 6-mo follow-up) demanstrates that oligoclonal expanded cells,

by comparison of pre- and postthierapy TCRBV transcripis.
Thymus-dependent T cefl regenceration is more vigorous in
the carty childhood (21), but recent data have shown that
the thymus is sl aceive through adule life (22). However,
patients with MS have age-inappropriate TREC levels, sug-
gesting an intrinsic impairment of thymic export (23). A
major finding of our study is the simultaneous reemergence
posttherapy of phenotypically naive CD4*Y cells and G4
RTEs, which ked to a doubling of their frequency at 2 yr
posteransplantation compared with pretherapy. This obser-
vation suggests that increased thymopoiesis (“thymic re-
bound”) after HSCT can correct the preexisting deficiency
and normalize maive T cell homeostasis. Recent seudies in
animal models have shown that reconstitution of the thy-
mus by hematapoietic stem cells, rather than peripheral ho-
meostasis, determines peripheral naive CD4™ T cell recon-
stitution (24). hradiation of the host was required for
accumulation of naive T cells (24, 23). Whether total body
irradiation (TBI), used in our treatinent regimen, is also a
requircment in hiumans for the induction of naive cell ex-
pansion remains to be determined. The reciprocat decrease
of central-memory T cells we observed is intriguing in the
context of MS because this subset represents the major
compancnt of cerebrospinal fluid T cells (12), and memory
cells are more easily triggered and more cross-reactive than
maive cells. The overall increased diversity of TCRB
CDR3-length repertoire is also consistent with increased
thymic output {11). The aforementioned observations con-
trast with available data from conventional chemotherapy
for MS. including pulse cyclophosphamide and mitoxan-
irone, which both lead to decreased CD4* 1otal and naive
cell numbers, arguing for immunosuppressive effects rather
than for immune renewal (26, 27},

Using a sequencing-based clonotypic analysis, we ex-
vlored for the first time at the single clone level the reconst-
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0i2 2|83

6]91 0|5
representing up to 50% of alf CD&* cells (B), are CO57¥/CD4bRAf
CD45R0 */CD27 JC095(Fas)™ (C), consistent with the phenotype of atypical

effector-memory cells that reached replicative senescence after extensive
division in vivo.

tution of TCR repertoire after HSCT in an immuone-medi-
ated disease, Two important observations emerged from our
data; first, the extent of T cell repertoire renewal is even
greater (39004 1 most cases) than wlnat could be anticipated
from the licrease of naive cells and of R'TEs or from the re-
constitution of CDR3 length diversity that we have ob-
served. Second, although the renewal of clanal specificities is
extensive, it is not always complete. and some preexisting in-
dividual T cell clones, more frequently in the CII87 subset,
can be found again in the peripheral bloed atter HSCT. To
understand the origin of the persisting clones, we are at-
wempting to track chent in the minor T cell component con-
taminating the CD347 enriched hemntopoietic stem cell
graft. "The relevance for discase of these clones remains un-
clear. In fact, their persistence in subjeces showing a sustained
ramission of inflammatory disease activity suggests that cither
these clones were not self~reactive pathogenic mediators or
they are not able to induce disease activity under the new
conditions produced by the hnmune reconstitution,

Early thymus-independent pathways dictate a faster nu-
meric regeneration of CD8Y T cells than for CD4Y cells,
and the observation of clonal expansions in the CD8' subser
suggests 1 role of antigen-specific differentivted cells in its
repopulation. Qur data show that oligoclonal cells are a ma-
Jor constituent of the expansion of CD8*/CI128"/CD5TH
T cells. Because of their ambiguous phenotype and the co-
expression of high and low molecular weight CI24510 iso-
torms, these cells canmot be reliably classified as central- or
effector—iemory cells according to conventional schenws.
Extensive peripheral cell division in the CID8% subset re-
duces TREC conternt and probably niasks an underlying in-

crease from thymic rebound, leading to an underestimaie of

the frequency of naive CDEY and CDE RTEs as suggested
previously {11}, The activation of similar cell populitions in
recipients of HSCT has been correlated to previous expo-

T CELL REGENERATION AFTER HSCT 1N MS | Murarp et al.
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sure to CMV (9, 28), leading to the notion that CD287/
CD577 cells ave differentiated memory CD8' populations
expanded in the presence of persistent viral antigens, CD8*/
CID28/CDA7T T cells have limited TCIU diversity also in
healdyy subjects (29, 30), have short telomeres (20, 313, are
unable 1o proliferate in vito, and are highly susceptible to
apoptosis (20). Consistent with the latter observation, the el-
evated frequency of FastCD8Y (and CD4Y) cells that we
and others found in the carly phases of immune reconstitu-
tion has been linked to a generally increased propensity to
apoptosis (32, 33}, Based on all these characteristics, the
CD8*/CD2E/CDET phenotype has been viewed as a sig-
mature of “clonal exhaustion™ or “rephicative senescence”
(20, 34, 33). The expansion of atypical, terminally differ-
entiated CDEY cells may be implied in the control of
auteimmunity by restricting the space availible in the effec-
tor—nemory atiche for ather cells, possibly including autore-
active cftectors, through a process known as attrition (13,
36). In addition, CP8*/CND28~/CIIS7* T cells can exert an
immunoregulatory role mediated via an unidendfied soluble
factor (37-39).

Further studies are required to better understand the
mechanisms that underlie these observations and their possi-
ble implications tor immune talerance. Here, we showed
that a sequential combination of thymus-independent pe-
rpheral reconstitution pathways {varly; CD8 > €34} and
thymus-dependent inune rejuvenation (later; CI34 >
CDE) profoundly reconfigures the immune system in pa-
tients with MS who received HSCT and sesults in a pro-
longed discase activity-free ingerval thacis not reliant on im-
munosuppression. These findings substantiate the induction
of immune regeneration as the rationale of HSCT and pro-
vide a mechanistic basis for ongoing and future clinical trials
of this therapeutic strategy in autoinunune diseases.

ARTICLE.

MATERIALS AND METHODS

Clinical trial protocol.  Eurallment in the protocel required a diagnosis
of dinically definite MS (40) and a peurological progression durtig the year
before sereeniay evalaation of at least 1.3 steps on the expanded disability
status seale {EDSS: a measure of disabibity rangiyg from 8 for a nomul neu-
rologic exan to 1 for death as a result of MS: reference 1) if their initial
prade was 0.0 or Jess, or at least 10 step i their EDXSS at sereening was
=65, Additional duclusion criteria required that baseline EDSS Jevels bad o
be sustained for at least 3 mo and unresponsive o high dose steroid tree-
ment, The study was approved by the ULS. Food and Prug Administration
under 1DE 6480 and by the institutional review boards of Norhwestern
Univessity and of the National Tnstitate of Neurological Pisorders and’
Stroke, National Institutes of Health, Seven patients with MS (Table I wovee
ioned consent and were conseeutively enrolled in the study, Periphieral
blond stem cells were collected by Jeukoapheresis afler infusion of 2.0 g/m*
evclophosphanmide followed by daily G-CSF {5 pg/ky/d) beginning 72 h
after cyclophospliamide wifusion, The graft was enriched for CD34 cells
by bsolex (Baxter) stemn cell concentrator, 1hata on the purity of the G334
euriched henatopaietic stem eell grafis are reported in Table HE Bumune
ablatton wag achieved by 60 markg/d cyclophosphanide mtravenously for
24, tollowed by TBI in doses of 130 ¢Gy, twice daily, tor a consecutive 4 d
(totai dosage of 1,200 ¢Gy). | g methylprednisolone was administered intra-
venously an cach of the 4 d of THE Further deils of dthe clinied tisl have,
been published (42).

Clindcal responses to HSCT. All seven patients successfully completed
the protacol teaument. There were no mansplant-related woxicities during
follow-up. Patient 5 bad recurrent episades of Cladridinm diffidle enterocoli-
tis after HSCT. No infectious events were observed in the other six patients
duriny follow-up. All patients rematned free of clinieal MS relipses after
HSCT for a mem folow-up of 27.6 mo (range: 21-360 mo} without receiv-
ing any Baunmosuppressive or -modulatory teeatment (Table 1), Magnetic
resonance imaging (VI of the brain fand of the spinal cord for four pa-
tientes) perfonned at 6 mo atter HSCT and yeardy therealter showed an ab-
senee of widolinimn-eahandng ledons for 2 wean ollow-ap of 30 mo
(range: 24-36 mo} as exemphified i Fig 1. Clinteal disability at 2-yr fol-
low-up improved o one patient (from EDSS 3.5 10 1.0} and rematned sta-
bie (varation of EDSS = 0L5) in five patients, One patienmt (no. 7) who had’
progeessively worsened by 1.0 EDSS point at 1 yr after HSCT was lost 1o
follow-up becasse of acchdental injurdes at 21 mo afier HSCT. During the

Table {H. Purity of the CD34 " enriched hematopoietic stem cell grafts

Percent No. of Total No. of Total
Patient Graft no.” Volume CD34% fmi CB3d+iml CD347 infused® Percent CD3* CD3+fml CD3* infused®
mi
101 92,0 2.21 X 108 010 2.40 x 10°
i 407 X 10¢ 8.54 X 10°
2 102 90.4 £B1 X 108 0.30 8.00 X 1¢?
2 1 102 96.3 5.49 % 108 5.60 X 108 Q.20 1.14 X 10° 1.16 X 10% ;
3 1 102 93.5 4.39 X 108 448 X 108 Q.10 470 X 107 479 X 10°
4 1 103 71.8 4,88 % 108 5.03 x 107 Q.10 6.80 X 10° 7.00 X 10°
5 t 101 92,7 3.24 x 108 3.28 x 108 Q.10 3.50 % 10° 3.53 X 10°
[ 1 103 70.4 1.83 X 108 1.89 > 108 (.60 1.56 > 104 1.61 X 108
1 102 63,3 1.20 X 10¢ (.60 1.14 X 10
7 2.81 X 108 1.37 X 108 -
2 102 77.7 1.55 % 108 0.10 2.00 X 10?
Average 102 83.1 2.96 X 106 3.88 X 10 0.24 7.09 % 109 9,32 X 10

fFor patients 1 and 7, the number of mobilized CO34* obtaned from the first leukapheresis was insufficient; therefore, & second coflection was perfor-med the .follov;i.n.g day;.

tFor patients 1 and 7, we indicale the total combined avmber of CD34° ard CD3! cells calculated from graft nos. 1 and 2 that were infused into 1he patient. The purity of each’

graft is reported separately.

JER VOL 201, March 7, 2005

813

Sl e S

F1L0Z LI AnrueBiorssardrurwal wol) pepeoumes

e
rraty Label Rt

baam et ln i

Lot

ape mepteln

et

1l e
R L ot




Published Febiuary 28, 2005

JEM

available posttherapy follow-up, this patient had no clinical relapses or MRI
evidence of disease activity, Therefare, chironic prouression of disabiluy was
probuably consequent o axomal degenerative processes that may occur i
progressive stages of disease even in she absence of inflanmnation (12—,

For the purposes of this study. the absence of exacerbations and alwence of

active or new lesions postdierapy atter HSCT il patients indicated a pro-
tound eftfect on the influnnatery component of MS pathogenesis, consis-
tent with other reports (45-47).

Cells and immunophenotypic analyses. Routine complete bload
counts aud differential white blaod cell counts were obtained at study visits,
PBMCs were coltected at baseline before stemn cell mobilization and at 6, 12,
amd 24 mo postamplnt and were solited and cryopreseived according to
standard niethads, We exained the expression afa linge panel of cell surlace
markers on T cells, B cells, monocytes, md T vl subsets using four-coler
FACS analysis, The nurkers included molecales crucially involved in T el
activation, costmmlation, chemotasis, apoptosis, adhesion, snd trasmigration
as well as markens of specialized T cell subpopulations. A total of 24 diflerent
mAb combinations alfowed the acquisition and anabysis of 2 minimasm of 98
innmotogical nreasuges for cach PBMC sample. The following mnubodies
were purchased from BLY Biosciences: €133 Cy=-Chrome, CDS FITC, CLRR
PE. CD 4 allophycocyanin, CRH FITC, CO U PE, CD3LPE, CHY FTC,
C1328 PE, CDH0 FITC, CIHD Cy-Chrome, CD45RA FITC, CD45RO PE.
CDEARO allophyeacyanin, CIHOd FITC, CD3 {CAM-1) PE. CD56
PE, CHS8 (LFA-3) FITC, CHoe9 FITC, CDHH MTC CCRY PE.CCRS PE,
CXCRY BE, CXCRA PE (BD), CDI3 LOX-40) FITC, CH134 (OX-40)
FI'FC, CI2152 (CTLA-4) PE, CI2154 (CDHOL) PE, C163 PE, CII86 FITC,
CIY95 PE, HLA-DQ FITC, HLA-DR FITC, HLA-DIX Cy-Chrome, TCIR
WP FITC, TCR v PE, IgGl Cy-Chrome, [gG2a k PE, 1gG2s8 % FITC,
IgC:2b  FITC, and 1gG2b k PE. We purchased the following anubodies from
Exalplsa: CD4 FITC, CDHY RPE-Cy, CDE allophycocyaning G119 FITC,
C123 FITC, CH27 FITC CIHBRA PE, CDOS FTC, DT (C-KIT L)
FITC, G FITC, 156G PE, 1G] RPE-Cy3, 1pGl allophycocyanin, and
G2 ke alloplvcoeyanine, The antibodies CD4RR FITC and CHYY PE
were obtained from Beckman Cowdier. CCRE PE, CCR2 PE, CCR3 FITC,
and CORS FITC were obtamed trom R&D Systems.

Stringent contrl of antibody lot consistency. stainimz conditions. and
instruient setup allowed excelltent interexpernimental reproducibilicy (un-
published data),

Measurement of thymic outpat, Fregquency of RTEs in peripheral
blood was evaluated by quantituive PCR for detection of TRECs as de-
scribed previously (22). In brief, we purfied CI2* and CD3* T celf sub-
sets using MACS microbeads (Miltenyi Biotec). Sorted cells (2954 pure by
FACS analysis) were vounted and lysed with proteinase K, and the exposed
DNA was wsed directly as template for real-time gquantitative PCR amplifi-
cation snd quantification. Real-time PCR was run in duplicate wbes, and a
standard curve was generated from a plasmid TIEC DNA serial dilution
(s1x concentrations}, allowing absolie TIREC quantification and accurate
measuring of TREC per unit number of celks.

Analysis of TCR repertoire. We perfonned anamalysis of TCR VE ex-
pression on periphenl lood CDHY and CDEY T cells by four-color FACS
analysis using 22 TCR VB-specific wonoeclonat antibodies as described pre-
viously (#). TCR designations are according to Arden’s nomencliure
9. A TCR VS was defined signilicantly expanded at follow-up when its
percent expression met all three of the following criteria: (1) exceeding by a
least 2 81 the mean expression in a referesce popalation of 04 healthy do-
nors (A8); (L) being at feast twice the baseline expression in that individual;
and {o) being =5% of al TCR VB~ cells.

To analyze the clonal heterogeneity of TCRBY gene rearrangements
by CIYU3 spectratyping, CIHY and/or TS T cedl subsets were positively
selected wsing MACS (Miltenyi Biotee). Parity of sorted subisets sas >95%,
RINA was isolated uvsing TRIzel (Invitcopen} and complemenary NA
(cEYNAY was synthesized using SuperScript 11 and Oligo-d{ (hoth obtained

814

from Invitrogen) according to the manufacturer’s instruetions, TORY rear-
nngements were amplificd from cBXNA wing BY fanily-specttic oligonu-
cleotide primers essentially a8 described previously (48) and 2.5 pl of PCR
amsplification product from cach TCI BY were vaed as tenplate i a 125
p primer-extension runoft™) reaction containing 1.25 1 of 3' FAM-
fabeled BV primer, 025 pl of H mM dNTD Iavitrogen). .06 pd PFU
DINA polymerase (PFromegga), 1.25 1l PFU reaction budler, and 7.2 pl H,0O,
After thernnal eyelmg (95°C for 2 inins followed by 1tk eycles of V4°C for
2005, 35°C for 453 s, and 72°C for 45 s, and 1 final extension of 72°C for 10
un, 2 @i of runofl reaction produoct was mixed with a luading budfer con-
taining four Cy-5-labieled DNA-size markers (sizes 103, 132, 203, and 261
bp), heat treated a1 80°C for 2 min, and nun on a 6% polyacrylamide gel on
am OpenGene (Visible Geneties) sequencer, Electropherograms were ana-
fyzed wing the OpenGene software package, Amidysic included peak size
{expressed in base pains), peak heighi, and area under the coorve {AUC). For
cealuation of nomual (Ganssiand versus skewed (oligoclonall CDR3-length
distribution. the percentage represented by vach CEHRI peak in a BY spec-
trum {comespouding o the representation of clonal populations with a
wven CIDIL3 dength) was caleulsted seconding to the fonmuly %AUC Byn =
(AU BV 7 SAUC all BY) X 10,

For TCIR B-chain sequencing, TCRBY reanangeients were amplified
from CDHY or CI8* sorted cells essentially as desenbed betore, and ampli-
cons were purified by amarose geb dectrophoresis vsing the Gel Extnction
Kit {QTAGEN]. The pusified IDNA fagments wese lgeed o o pGEM-T
Easy vector (Promega) and were used to trmsform DH5« Exdwridhia oli {fn-
vitregen) competent cells, For each TCRBY 90 individual bacterial colo-
nies were selected by blue/white screening, and plasmid DNA was extracted
wsing standard methods. Sanples were sequenced on an ABE 373 automated
sequetteing systern. Dye-habeled vector-specific pamers (T7-forward and
Spo-reverse} were used to sequence both strands of each done. Sequenee
analysis was completed with the Genetics Computer Group-Lite Software,
and TCR reamangenients were analyzed wing IMGT, the mternational Ini-
MunoGene Tics intormatioa system at htip://imgt.cinesdr. '

Statistical analysis.  The statistical symificance of inmnmological changes
was fongiiudisally evaluated by one-way repeated easures analysis of vani-
anee {RM-ANOVAL When RM-ANOVA identified a styistically stynifi-
cant change, the Tukey post-hoc test was applied. When appropriate, the
paired Student’s 1 west or the nonparanetde Mann-Whitney rank swn test
was apphied. To test for correlation of nonnally distnbuted vanables, we
used Pearmson’s correlation cocflicient,

Ouline supplemental material. Fig. 51 exemplifies an analysis of TCR
VB expresion for the C14 and the €D subsets during a 2-yr follow-up
and the detection of a sigmtficast T cell expansion i the CB subset, Fig,
52 depicss a multidinwensiomid scaling anzlysis of the extent of similanty of
the reconstituting TR VE profiles tor the G4 and CDBF celi subsets of
cach patent. Online supplemental material is available ac b/ /wwwe.
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