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version of the Ag molecule after CAR-T cell therapy (2). Although
CAR-T cells recognize very low levels of the target Ag. they cannot
recognize completely Ag-negative cells. The strategy of adminis-
tering CAR-T therapy as a first-line treatment, or in earlier phases
with the aim of earlier eradication of target cells, may prevent
immunological escape by negative conversion of the Ag.

One limitation of the current study is that we assessed the
threshold using only CD20 and CD20CAR systems. Because the
threshold may be influenced by many other factors, such as affinity
(42), structure (43), epitope localization of individual CAR-Ag
pairs (44, 45), and the expression of a coreceptor on target cells
(46), the threshold may vary among mAbs and target Ags. We also
could not investigate the relationship between the expression of
CD20 and the ADCC activity of mAbs because NK cell activity is
predominant in the CD20-CEM system, and a clear threshold has
not been observed (28). Although the potential relationship be-
tween target Ag density and ADCC activity has been investigated
in other experimental systems, > 10* Ag molecules per cell are
needed to demonstrate significant ADCC (47). In the current
study, the minimum threshold of CAR recognition was 3-log units
lower than that of mAbs to trigger CDC. CAR can also directly
mobilize T cells to target cells, whereas mAb therapy mainly
depends on indirect cytotoxicity such as CDC or ADCC (3-5, 19,
28). Thus, the lytic and activating thresholds of CAR are con-
sidered significantly lower than those of mAbs.

We concluded that CAR-T cells can recognize and lyse cells
expressing considerably low levels of the target Ag and were
activated and expanded upon such stimulation. CD20CAR-T cell
therapy may also be applicable for the treatment of CD20-positive
lymphoid malignancies.

Acknowledgments
We thank Yoko Matsuyama, Asako Watanabe, and Chika Wakamatsu for
technical assistance.

Disclosures

H.K. has received research funding from Bristol-Myers Squibb, Chugai
Pharmaceutical, Kyowa Hakko Kirin, Dainippon Sumitomo Pharma,
Zenyaku Kogyo, and FUJIFILM. The other authors have no financial con-
flicts of interest.

References

1. Porter, D. L., B. L. Levine. M. Kalos, A. Bagg, and C. H. June. 2011. Chimeric
antigen receptor-modified T cells in chronic lymphoid leukemia. N. Engl. J.
Med. 365: 725-733.

. Grupp, S. A., M. Kalos, D. Barett, R. Aplenc, D. L. Porter. S. R. Rheingold,
D. T. Teachey, A. Chew. B. Hauck, J. F. Wright, et al. 2013. Chimeric antigen
receptor-modified T cells for acute lymphoid leukemia. N. Engl. J. Med. 368:
1509-1518.

3. Sadelain, M., R. Brentjens, and I. Riviere. 2013. The basic principles of chimeric

antigen receptor design. Cancer Discoy. 3: 38§-398.

4. Jensen, M. C., and S. R. Riddell. 2014. Design and implementation of adoptive
therapy with chimeric antigen receptor-modified T cells. Immunol. Rev. 257:
127-144.

5. Turtle, C. J., M. Hudecek, M. C. Jensen. and S. R. Riddell. 2012. Engineered
T cells for anti-cancer therapy. Curr: Opin. Immunol. 24: 633-639.

6. Kowolik, C. M.. M. S. Topp. S. Gonzalez, T. Pfeiffer, S. Olivares, N. Gonzalez,
D. D. Smith, S. J. Forman, M. C. Jensen, and L. J. Cooper. 2006. CD28§ co-
stimulation provided through a CDI19-specific chimeric antigen receptor en-
hances in vivo persistence and antitumor efficacy of adoptively transferred
T cells. Cancer Res. 66: 10995-11004.

7. Imai, C., K. Mihara, M. Andreansky, 1. C. Nicholson, C. H. Pui. T. L. Geiger, and
D. Campana. 2004. Chimeric receptors with 4-1BB signaling capacity provoke
potent cytotoxicity against acute lymphoblastic leukemia. Leukemia 18: 676—
684.

8. Zhong, X. S., M. Matsushita, J. Plotkin, 1. Riviere, and M. Sadelain. 2010.
Chimeric antigen receptors combining 4-1BB and CD28 signaling domains
augment Pl3kinase/AKT/Bcl-XL activation and CD8" T cell-mediated tumor
eradication. Mol. Ther. 18: 413-420.

9. Kochenderfer, J. N., M. E. Dudley. S. A. Feldman, W. H. Wiison, D. E. Spaner,
1. Maric, M. Stetler-Stevenson. G. Q. Phan, M. S. Hughes, R. M. Sherry, et al.

[§5)

20.

23.

27.

28.

29.

30.

3L

(98]
]

33.

-37-

919

2012, B-cell depletion and remissions of malignancy along with cytokine-
associated toxicity in a clinical trial of anti-CD19 chimeric-antigen-receptor-
transduced T cells. Blood 119: 2709-2720.

. Morgan, R. A J. C. Yang, M. Kitano. M. E. Dudley, C. M. Laurencot, and

S. A. Rosenberg. 2010. Case report of a serious adverse event following the
administration of T cells transduced with a chimeric antigen receptor recog-
nizing ERBB2. Mol. Ther. 18: 843~851.

. Hudis, C. A. 2007. Trastuzumab—mechanism of action and use in clinical

practice. N. Engl. J. Med. 357: 39-51.

. Ménard. S., P. Casalini, M. Campiglio, S. M. Pupa. and E. Tagliabue. 2004. Role

of HER2/neu in tumor progression and therapy. Cell. Mol. Life Sci. 61: 2965~
2978.

. Purbhoo, M. A., D. H. Sutton, J. E. Brewer, R. E. Mullings. M. E. Hill,

T. M. Mahon. I. Karbach, E. Jiger, B. J. Cameron. N. Lissin, et al. 2006.
Quantifying and imaging NY-ESO-1/LAGE-1-derived epitopes on tumor cells
using high affinity T cell receptors. J. Immunol. 176: 7308-7316.

. Liddy, N., G. Bossi, K. J. Adams, A. Lissina, T. M. Mahon, N. J. Hassan,

J. Gavarret, F. C. Bianchi, N. J. Pumphrey. K. Ladell, et al. 2012. Monoclonal
TCR-redirected tumor cell killing. Nat. Med. 18: 980-987.

. Sadelain, M.. R. Brentjens, and 1. Riviere. 2009. The promise and potential

pitfalls of chimeric antigen receptors. Curr: Opin. Immunol. 21: 215-223,

. Thomas, D. A, S. O'Brien, S. Faderl. G. Garcia-Manero, A. Ferrajoli.

W. Wierda, F. Ravandi, S. Verstovsek, J. L. Jorgensen, C. Bueso-Ramos, et al.
2010. Chemoimmunotherapy with a modified hyper-CVAD and rituximab reg-
imen improves outcome in de novo Philadelphia chromosome-negative precursor
B-lineage acute lymphoblastic leukemia. J. Clin. Oncol. 28: 3880-3889.

. Jaglowski, S. M.. L. Alinari, R. Lapalombella, N. Muthusamy, and I. C. Byrd.

2010. The clinical application of monoclonal antibodies in chronic lymphocytic
leukemia. Blood 116: 3705-3714.

. Abramson, J. S., and M. A. Shipp. 2005. Advances in the biology and therapy of

diffuse large B-cell lymphoma: moving toward a molecularly targeted approach.
Blood 106: 1164-1174.

. lazirehi, A. R.. and B. Bonavida. 2005. Cellular and molecular signal

transduction pathways modulated by rituximab (rituxan. anti-CD20 mAb) in
non-Hodgkin's lymphoma: implications in chemosensitization and therapeutic
intervention. Oncogene 24: 2121-2143.

Hiraga. J., A. Tomita, T. Sugimoto, K. Shimada. M. lto, S. Nakamura, H. Kiyoi,
T. Kinoshita, and T. Naoe. 2009. Down-regulation of CD20 expression in B-cell
lymphoma cells after treatment with rituximab-containing combination chemo-
therapies: its prevalence and clinical significance. Blood 113: 4885-4893.

. Jilani, L, S. O'Brien, T. Manshuri, D. A. Thomas. V. A. Thomazy, M. Imam,

S. Naeem, S. Verstovsek, H. Kantarjian, F. Giles, et al. 2003. Transient down-
modulation of CD20 by rituximab in patients with chronic lymphocytic leuke-
mia. Blood 102: 3514-3520.

2. Tsai, P. C., F. J. Hernandez-Hlizaliturri, N. Bangia, S. H. Olejniczak, and

M. S. Czuczman. 2012. Regulation of CD20 in rituximab-resistant cell lines and
B-cell non-Hodgkin lymphoma. Clin. Cancer Res. 18: 1039-1050.

Johnson, N. A., S. Leach, B. Woolcock. R. J. deLeeuw, A. Bashashati,
L. H. Sehn, J. M. Connors. M. Chhanabhai, A. Brooks-Wilson. and
R. D. Gascoyne. 2009. CD20 mutations involving the ritaximab epitope are rare
in diffuse large B-cell lymphomas and are not a significant cause of R-CHOP
failure. Haematologica 94: 423-427.

. Shimada, K., A. Tomita, S. Saito, and H. Kiyoi. 2014. Efficacy of ofatumumab

against rituximab-resistant B-CLL/SLL cells with low CD20 protein expression.
Br. J. Haematol. 166: 455-457.

. Uchiyama, S., Y. Suzuki, K. Otake, M. Yokoyama, M. Obta, S. Aikawa,

M. Komatsu, T. Sawada. Y. Kagami, Y. Morishima, and K. Fukui. 2010. De-
velopment of novel humanized anti-CD20 antibodies based on affinity constant
and epitope. Cancer Sci. 101: 201-209.

. Tomita, A.. J. Hiraga, H. Kiyoi. M. Ninomiya, T. Sugimoto, M. Ito, T. Kinoshita,

and T. Naoe. 2007. Epigenetic regulation of CD20 protein expression in a novel
B-cell lymphoma cell Jine, RRBL1, established from a patient treated repeatedly
with rituximab-containing chemotherapy. /nt. J. Hematol. 86: 49-57.

Sonoki, T.. Y. Li, S. Miyanishi, H. Nakamine, N. Hanaoka, H. Matsuoka, 1. Mori,
and H. Nakakuma. 2009. Establishment of a nove] CD20 negative mature B-cell
line, WILL2, from a CD20 positive diffuse large B-cell lymphoma patient
treated with rituximab. Int. J. Hematol. 89: 400-402.

van Meerten, T., R. S. van Rijn, S. Hol. A. Hagenbeek, and S. B. Ebeling. 2006.
Complement-induced cell death by rituximab depends on CD20 expression level
and acts complementary to antibody-dependent cellular cytotoxicity. Clin.
Cancer Res. 12: 4027-4035.

Terakura, S., T. N. Yamamoto, R. A. Gardner, C. J. Turtle, M. C. Jensen, and
S. R. Riddell. 2012. Generation of CD19-chimeric antigen receptor modified CD8'
T cells derived from virus-specific central memory T cells. Blood 119: 72-82.
Lenkei, R.. J. W. Gratama. G. Rothe, G. Schmitz, J. L. D’hautcourt, A. Arekrans,
F. Mandy, and G. Marti. 1998. Performance of calibration standards for antigen
quantitation with flow cytometry. Cytometry 33: 188-196.

Kumar, A., E. T. Petri, B. Halmos, and T. I. Boggon. 2008. Structure and clinical
relevance of the epidermal growth factor receptor in human cancer. J. Clin.
Oncol. 26: 1742-1751.

. Wang, X.. W. C. Chang. C. W. Wong, D. Colcher, M. Sherman, J. R. Ostberg,

S. J. Forman. S. R. Riddell. and M. C. Jensen. 2011. A transgene-encoded cell
surface polypeptide for selection, in vivo tracking. and ablation of engineered
cells. Blood 118: 1255-1263.

Szymezak-Workman, A. L., K. M. Vignali, and D. A. Vignali. 2012. Design and
construction of 2A peptide-linked multicistronic vectors. Cold Spring Harb.
Protoc. 2012(2): 199-204.



920

38,

39.

40.

. Oki, Y. L

. Andris-Widhopf, 1., P Steinberger, R, Fuller, C. Rader, and C. T Barbas, 3rd,

2011, Generation of human scbv antibody libraries: PCR amplification and as-
sembly of light- and heavy-chain coding sequences. Cold Spring Harb. Protoc.
201 1¢9).

. Weijlens, M, B R A, Willemsen, B, AL van Erimipen, and R, L. Bolhuis, 1998,

Chimerie selivigamma recepror-medinted T-cell Tyvsis of wamor cells is coregu-
Jated by adhesion and aceessory molecules, It 1o Cancer 77: 181187,

. Faroudi. M. € Utzny, M. Sabio. Vo Cerundolo, M. Guiraud. S, Miiller, and

S. Valitutt. 2003, Lytic versus stimulatory synapse in eytotoxic T lymphocyte/
target cell interaction: manifestation of & dual activation threshold. Proe, Nutl,
Acad. Sei. USA 100: 14145=14150.

B, Westin, F Vega, Ho Chuang, No Fowler. S, Neelapu.
F, B, Hagemeister, P Mebaughlin, L. W, Kwak, L E. Romaguera, et al. 2013,
Prospective phase 1T study of rituximab with alternating eyeles of hyper-CVAD
and high-dose methotrexate with evtarabine for young patients with high-risk
dilfuse large B-cell lymphoma, B2 S Haematol, 163 611-620.

Hallek., M., B. D, Cheson, D, Catovsky, It Caligaris-Cappio. G. Dighicro,
H. Déhner, P Hillmen, M. L Keating, E. Montserrat, K. R, Rainand T3 Kipps.
International Workshop on Chronie Lymphoeytic Leukenia, 2008, Guidelines
for the diagnosis and teatment of ¢hronic lymphoceytic leukemia: a report from
the International Workshop on Chronie Lympbocytic Leukemia updating the
National Cancer Institute-Working Group 1996 guidelines. Blood 1111 5446~
5456.

Prevodnik, V. K., I Lavrencak, M. Horvat, and B, 1. Novakovic. 2011, The
predictive significance of CD20 expression in B-cell lymphomas. Diegn. Pathol.
6: 33.

Wierda. W, G, S, Padmanabhian, G. W, Chan, 1 V. Gupta, S. Lisby, and
A. Osterborg. Hx-CD20-406 Study Investigators, 2011, Ofatwmumab is active in

43,

44,

46,

47,

-38-

- Turald,

DETERMINATION OF THE TARGET Ag DENSITY OF THE CAR-T RESPONSE

patients with fudarabine-relractory CLL irrespective of prior rituximab: results
from the phase 2 miernational study, Blood 118 5126-5129.

L Scott. A. ML LD Wolehok, and L. 1 Old 20120 Antibody therapy of cancer.

Nat. Rev. Cancer 12: 278-287.

M. Figini, B Balladore, P Albert, P Casalini, 1o Do Marks,
S. Canevart. and D, Mezzanzanica, 2007, Redirected activity of human antitu-
mor chimeric immune receptors is governed by antigen and receptor expression
levels and affinity of interacton, L. nmunother. 30: 684-693.

Hudecek, M. M. T Lupo-Stngheliing, P L. Kosasib. D, Semmermeyer,
M. C. Jensen, €. Rader. and §. R, Riddell, 2013, Receptor affinity and extra-
celular domain modifications affect wmor recognition by ROR1-specific chi-
meric antigen receptor T cells, Clin, Cancer Res. 190 31533164,

Huso, W, D0 W, Lee, NN Shah ML Steder-Stevenson, Co M. Yuan, L HL Pastan,
D. S, Dimitov, Ro AL Morgan. D)L FizGerald, D, M, Barret, et al, 2013, Anti-
CI322-chimeric antigen receptors targeting Becell precursor acute lymphoblastic
leukemia, Blood 121 11651174,

. Long, A HL, Wo M, Haso, and R D0 Orentas, 2013, Lessons learned from

a highly-active CD22-specific chimerie antigen receptor. Oncolmmunology 2:
€23621.

Casucei. M., B. Nicolis di Robilant, L. Falcone, B, Camisa. M. Norelli,
P Genovese, B Gentner, Fo Guilotta, M. Ponzoni, M, Bernardi, et al. 2013,
CDAdvo-targeted T cells mediate potent antitumor effects against acute myeloid
leukemia and muhiple myeloma. Blood 122 34613472,

Tang. Y. ). Louw. R, K. Alpaugh, M. K, Robinson, 1, D, Marks, and L. M. Weiner.
2007, Regulation of antibody-dependent cellular eyviotoxicity by TeG intrinsic
and apparent affinity for target antigen, /. lnununol. 179: 2815-2823.




Int J Hematol (2014) 99:463-470
DOI 10.1007/s12185-014-1542-x

Soluble interleukin-2 receptor level on day 7 as a predictor
of graft-versus-host disease after HILA-haploidentical stem cell
transplantation using reduced-intensity conditioning

Katsuji Kaida - Kazuhiro Ikegame - Junko Ikemoto + Rie Murata + Reiko Irie *
Satoshi Yoshihara - Shinichi Ishii - Masaya Okada - Takayuki Inoue * Hiroya Tamaki -
Toshihiro Soma - Yoshihiro Fujimori - Shunro Kai - Hiroyasu Ogawa

Received: 9 December 2013 /Revised: 13 February 2014/ Accepted: 13 February 2014 /Published online: 6 March 2014

© The Japanese Society of Hematology 2014

Abstract In the present study, we analyzed the kinetics
of serum soluble interleukin-2 receptor (sIL-2R) using data
from 77 patients undergoing HLA-haploidentical trans-
plantation using reduced-intensity conditioning (RIC), who
were at an advanced stage or at high risk for relapse, to
clarify the usefulness of sIL-2R as a biomarker of acute
graft-versus-host disease (GVHD). Anti-T-lymphocyte
globulin and methylprednisolone were used as GVHD
prophylaxis. While the median sIL-2R in 38 patients not
developing GVHD was suppressed at levels <740 U/ml,
sIL-2R in 25 patients developing severe GVHD peaked on
day 11 (1,663 U/ml), and thereafter decreased to

<1,000 U/ml after day 30. The occurrence of GVHD was
not limited to times of high sIL-2R level, but occurred at
any time point on the sIL-2R curve. Most patients devel-
oping GVHD, however, experienced a higher sIL-2R level
early in their transplant course. The combination of RIC
and glucocorticoids sufficiently suppressed sIL-2R levels
after HLA-haploidentical transplantation. In a multivariate
analysis to identify factors associated with GVHD, day 7
sIL-2R >810 U/ml was the only factor significantly asso-
ciated with the occurrence of severe GVHD (p = 0.0101).
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Introduction

Bone marrow transplantation (BMT) from siblings geno-
typically matched for human leukocyte antigen (HLA)
improves long-term survival in patients with hematologic
malignancies [1]. However, more than 70 % of patients
who could benefit from allogeneic BMT do not have a
matched sibling donor. On the other hand, there is a >90 %
chance of promptly identifying an HLA-haploidentical
donor within the family; therefore, the number of patients
receiving HLA-haploidentical stem cell transplantation
(SCT) is gradually increasing [2~6]. The major drawback
of HLA-haploidentical SCT is graft-versus-host disease
(GVHD). To overcome GVHD after HLLA-haploidentical
SCT, several breakthroughs in transplant methodology,
including drastic ex vivo T cell purging coupled with the
use of megadose of stem cells [2], and in vivo T cell
purging through the use of anti-T-lymphocyte globulin
(ATG) [4, 5, 7], or the use of cyclophosphamide at post-
transplant, have been done [6]. We and others have been
studying HLA-haploidentical SCT using in vivo T cell
purging method using ATG [4, 5, 7]. In this transplant
setting, although the severity of GVHD is within a per-
missible range, GVHD still continues to be the problem,
but an appropriate monitoring method of GVHD has not
been established yet.

Basically, GVHD is induced by the immunological
response of donor T cells. In general, once activated, T
cells express the interleukin-2 receptor (IL-2R), consisting
of at least three subunits (o, B and yc) on their membrane
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[8, 9]. The soluble form of IL-2R is produced by proteo-
Iytic cleavage of IL-2Ra, and the release of soluble inter-
leukin-2 receptor (sIL-2R) into the circulation has been
found to be proportional to its membrane bound expression
[10, 11]. Thus, serum sIL-2R levels reflect the magnitude
of the T cell immunological response and are associated
with the incidence and severity of GVHD in allogeneic
BMT settings. In fact, sIL-2R is reported to be the most
reliable biomarker among several useful biomarkers [12].

Therole of s1L-2R as a GVHD biomarker has been studied
mainly in the transplant settings of HLA-matched my-
eloablative SCT for patients mostly in complete remission
(CR) [ 12-17]. Reduced-intensity conditioning (RIC), which
has been used also in HLA-haploidentical transplant set-
tings, may contribute to the reduction of the incidence and
severity of GVHD [18-20]. We and others reported that
HIA-haploidentical reduced-intensity conditioning stem
cell transplantation (RIST) was useflul for patients who did
not have a suitable HILA-matched donor [5, 7]; however,
there are no reports analyzing whether sIL-2R is still a useful
biomarker of GVHD in this transplant setting.

Despite the usefulness of sIL-2R as a GVHD biomarker,
transplant-related complications, including severe infec-
tion, graft rejection, and hepatic veno-occlusive discase,
are known to increase slL-2R levels [13, 15, 21]. Fur-
thermore, leukemia- or lymphoma-associated elevation of
serum sIL-2R levels has been reported [22-25]. The
coexistence of these conditions could reduce the value of
sIL-2R as a biomarker of GVHD.

Therefore, in the present study, after excluding data of
patients with conditions that increase sIL-2R levels other
than GVHD, we retrospectively studied the usefulness of
sIL-2R as a GVHD biomarker using data from 77 patients,
with poor prognosis or in an advanced stage of disease,
who underwent HLLA-haploidentical RIST.

Patients and methods
Patients

To retrospectively evaluate the role of the sIL-2R level as a
biomarker of acute GVHD, we analyzed data from patients
who underwent HLA-haploidentical RIST at the Hospital
of Hyogo College of Medicine between January 2009 and
June 2012. All patients had hematologic malignancies and
were at an advanced stage or had a poor prognosis at the
time of transplantation.

The inclusion criteria were as follows: donor-type
engraftment, survival for at least 30 days after transplanta-
tion, the absence of hepatic veno-occlusive disease, and
severe infections (CRP >10), including sepsis [13, 15, 21].
Furthermore, to avoid the effect of tumor-associated sIL-2R

@ Springer

Table 1 Patients” characteristics

GVHD Grade | Grade 11-111
Grade 0

Number of patients 38 14 25
Sex

Male/female 24/14 5/9 10715
Age (years)

Median (range) 42.5 (17-63)  46.5 (20-61) 55 (14-65)
Discase

AML/MDS 17 10 12

ALL 11 0 3

Lymphoma O 2 6

Others 4 2 4
Disease status

Good (CR/RA/CP) 2 0 2

Intermediate 4 I 1

(PR/RAEB/AP)

Poor 32 13 22
HLA disparity in GVH direction

2 antigen 18 9 13

3 antigen 20 5 12
Number of times of transplant

First 17 7 20

Second or later 21 7 5
Conditioning combination chemotherapy

Busulfan-containing 8 3 9

Melphalan- 26 8 15

containing

Others 4 3 |
TBI

Containing 25 8 15

Non-containing 13 6 10

[22-25], data from patients who showed a tumor-associated
increase in sIL-2R >2,000 U/ml before conditioning, which
did not decrease to <1,000 U/ml on day 0, were excluded.
Consequently, data from 20 % of the total transplant patients
were excluded based on the exclusion criteria described
above, and we analyzed data from 77 patients who under-
went transplantation using a graft from an HLA-haploiden-
tical donor (2-3 antigen-mismatches in GVH direction). The
patients’ characteristics are shown in Table 1.

Institutional review board approval was obtained for the
treatment protocol, and written informed consent was
obtained from the patients and their families.

Preparative regimen for transplantation
Sixty-nine patients received a regimen consisting of flu-

darabine (30 111g/m2/day on days —9 to —4), cytarabine
2 g/m2 on days —9 to —6), ATG (thymoglobulin: total
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2.5 mg/kg divided on days -3 to -1), and busulfan (4.0 mg/
kg/day on days —6 and —5) or melphalan (70 mg/m? on
days —3 and —2) with or without TBI 3-4 Gy on day 0.
The remaining 8 patients received other agents instead of
busulfan or melphalan because of chemoresistance. GVHD
prophylaxis consisted of tacrolimus and methylpredniso-
lone (mPSL) 1 mg/kg [5]. All patients except 2 received
peripheral blood stem cells. T cell depletion was not
performed.

Diagnosis of graft-versus-host disease and supportive
care

Acute GVHD was graded according to standard criteria
[26]. GVHD was treated as previously described [5]. Each
patient was isolated in a laminar air-flow room or protec-
tive environment room, and standard decontamination
procedures were followed. Oral antibiotics (ciprofloxacin,
vancomycin, itraconazole or voriconazole) were adminis-
tered to sterilize the bowel. Patients who were negative for
cytomegalovirus (CMV) IgG received blood products from
CMV-seronegative donors. Intravenous immunoglobulin
“was administered at a minimum dose of 100 mg/kg every
2 weeks until day 100. Cotrimoxazole was given for at
least 1 year for prophylaxis of Pneumocystis carinii
infections. Acyclovir was administered at a dose of
1,000 mg/day for 5 weeks after transplantation to prevent
herpes simplex virus or varicella-zoster virus infection, and
then the agent was continued for at least 2 years at a dose
of 200 mg/day. Ganciclovir 7.5 mg/kg divided into 3 doses
per day was administered from day —10 to day —3 as
prophylaxis for CMV infection.

Measurement of serum sIL-2R

The serum sIL-2R level was monitored from the start of
conditioning three times a week until hospital discharge.
The serum sIL-2R concentration was evaluated using a
commercially available sandwich enzyme-linked immu-
nosorbent assay (ELISA) with two murine anti-human sIL-
2R antibodies (CELLFREE Human sIL-2R ELISA Kit;
Thermo Fisher Scientific Inc., Rockford, IL, USA). The
normal sIL-2R level is <534 U/ml.

Statistics

The background levels of serum sIL-2R were decided using
data from 38 patients who did not develop GVHD. The
difference in sIL-2R levels on day 7 between patients who
developed grade O—I and grade II-I1II GVHD was analyzed
using the Mann—Whitney U test. In addition, we deter-
mined the appropriate cutoff value of the sIL-2R level on
day 7 to discriminate patients with and without severe

GVHD through receiver operating characteristic (ROC)
analysis, in which sensitivity and specificity were calcu-
lated as a function of the cutoff value, (1-specificity) was
plotted against the sensitivity, and the area under the ROC
curve (AUC) was calculated. Cumulative incidence of
GVHD for patients with sIL-2R on day 7 of >810 or
<810 U/ml was estimated using the Kaplan—-Meier
method, treating death and relapse as competing risks.
Gray’s test was used for comparison of cumulative inci-
dence in the 2 groups. To identify factors associated with
GVHD, using variables including the donor source, age,
disease status before transplantation, sex, number of times
of transplantation, HLA disparity in GVH direction, dis-
ease, and day 7 sIL-2R level, univariate and multivariate
analyses were performed using the Cox proportional haz-
ards model. Results were considered significant when
p < 0.05. Statistical analyses were performed with EZR
[27, 28].

Results

Background level of sIL-2R based on the data
from patients who did not develop GVHD

Serum sIL-2R levels were monitored 3 times a week to
analyze the relationship between sIL-2R levels and the
development of GVHD in detail. We first identified the
serum background level of sIL-2R based on data from 38
patients who did not develop acute GVHD. As shown in
Fig. 1, sIL-2R was slightly high, but mostly <1,200 U/ml
during 2 weeks after transplantation, and thereafter slightly
decreased to <1,000 U/ml. The median value of sIL-2R

sIL-2R levels (U/ml)
'S
<}
S

0 10 20 30 40 50 60 70 80
Days after transplantation

Fig. 1 The kinetics of sIL-2R in patients not developing acute
GVHD. To identify the background levels of sIL-2R, changes of
serum sIL-2R of 38 patients who did not develop GVHD were
plotted. The normal sIL-2R level is <534 U/ml. sIL-2R was slightly
high, but mostly <1,200 U/m! during 2 weeks after transplantation,
and thereafter slightly decreased to <1,000 U/ml. The bold line shows
a median sIL-2R level
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was slightly increased after transplantation, peaked on day
I'1 (the peak level was 740 U/ml), and thereafter decreased
to levels as low as between 290 and 450 U/ml.

The kinetics ol sII.-2R in patients who developed
severe GVHD

Next, we analyzed the kinetics of sIL-2R in 25 patients
who developed severe (grade H-I1I) GVHD. Four patients
developed skin-only GVHD, 16 gut-only GVHD, and 5
skin/gut GVHD. Those patients developed grade II-111
GVHD at a median 28 days (range 3-67 days). The sIL-2R
curves were found Lo vary patient-to-patient in the peak
level or in the timing of the peak. The median sIL-2R
levels increased after transplantation, reach on day 11 (the
peak value of 1,663 U/ml), and therealter decreased Lo low
levels of <1.000 U/ml after day 30 (Fig. 2).

Regarding the relationship between the kinetics of sIL-
2R and the onset of GVHD, 4 patlerns were observed.
Eight (32 %) patients, in whom sIL-2R increased rapidly
after transplantation, developed GVHD al an increasing
phase or at the peak level of sIL-2ZR curve by day 30
(Fig. 3a). These patients developed GVHD at a median of
9 days (range 5-26 days), with the median value of sIL-2R
of 1,795 U/ml (range 1,134-4.341 U/ml) at the onset of
GVHD. Four (16 %) patients developed GVHD at a
decreasing phase of sIL-2R over the peak of sIL-2R
(Fig. 3b). These patients developed GVHD at a median of
18.5 days (range 14-21 days), with the median value of
sIL-2R of 1,465.5 U/ml (range 618-2,004 U/ml) at the
onset of GVHD. Ten (40 %) patients, in whom sIL-2R
increased to a high level after transplantation, with the
median peak level of 1,711 U/ml (range 1,200-2,977 U/
ml) at a median 5.5 days (range 0-16 days), developed

5500
5000
4500
4000
3500 ¢
300014
2500 1"
20001
1500
1000
500

sTIL-2R levels (U/ml)

£ \\

0 10 20 30 40 50 60 70 80
Days after transplantation

Fig. 2 The kinetics of sIL-2R in 25 patients who developed acute
GVHD (grade 1I-III). Changes of serum sIL-2R in 25 patients who
developed severe GVHD were plotted. The sIL-2R curves were found
to vary patient-to-patient in the peak level or in the timing of the peak.
The bold line shows a median sIL-2R level

@ Springer

GVHD after sIL-2R levels decreased to almost the normal
range of sIL-2R (Fig. 3c¢). These patients developed GVHD
al a median ol 38 days (range 28-07 days), with the
median value of sIL-2R of 642.5 U/ml (range 336-950 U/
ml) at the onset of GVHD. Three (12 %) patients, in whom
sIL-2R did not increase over the background levels of sIL-
2R after wransplantation, developed GVHD after day 30,
when sIL-2R was slightly increasing over the background
level of sIL-2R (Fig. 3d). GVHD in this group of patients
occurred latest at a median of 44 days (range 37-59 days),
with the median value of sIL-2R of 984 U/ml (range
935-1,054 U/ml) at the onset of GVHD. These results
show that GVHD can occur on any point of the sIL-2R
curve of patients with GVHD,

Prediction of severe acute GVHD by serum sIL-2R
levels on day 7

The relationship between sIL-2R change and the onset of
GVHD (Fig. 3a~d) shows that the occurrence of GVHD is
not limited at the time of high level of sIL-2R or at an
increasing phase of sIL-2R; however, the majority of
patients who developed severe GVHD showed a high level
of sIL-2R early in their transplant course. Therefore, we
considered that sIL-2R in the early phase of transplantation
may be associated with the development of severe GVHD.

We compared sIL-2R levels on day 7 in patients who
developed grade II-III GVHD or grade 0-1 GVHD. Con-
sequently, patients with grade I1-1II GVHD showed sig-
nificantly higher sIL-2R on day 7 than those with grade 01
GVHD (p < 0.0001). To determine the appropriate cutoff
value of sIL-2R on day 7 to discriminate patients with and
without severe GVHD, ROC analysis (Fig. 4a) was per-
formed, and the optimal grade II-IIT GVHD cutoff point
was found to be 810 U/ml. The area under the ROC curve
(AUC) was 0.790 (CI 0.675-0.904). The relationship
between the incidence of severe GVHD and day 7 sIL-2R
levels was analyzed using competing risk analysis, treating
death and relapse as competing risks. As shown in Fig. 4b,
the cumulative incidence of severe GVHD was 43.2 % (CI
28.2-57.3 %) and 6.5 % (CI 1.1-18.9 %) for patients with
day 7 sIL-2R >810 U/ml and those with day 7 sIL-2R
<810 U/ml, respectively. Patients with day 7 sIL-2R
>810 U/ml had a significantly higher risk of GVHD than
those with day 7 sIL-2R <810 U/ml (p = 0.00076, log-
rank test).

Next, using variables including the donor source (off-
spring vs others), HLA disparity (2 antigen vs 3 antigen) in
the GVH direction, older age (>47 years), disease status
before transplantation (CR vs non-CR), sex, number of
times of transplantation, disease (ALL vs others), and day 7
sIL-2R, factors that were significantly associated with the
development of severe GVHD were analyzed using the
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Fig. 3 The relationship between the kinetics of sIL-2R and onset of
GVHD in patients who developed severe acute GVHD. Bold lines
show changes of sIL-2R in patients who developed severe GVHD.
Closed circles, which are at the end of the bold lines, show the onset
of GVHD. Gray lines show changes of sIL-2R in patients not
developing GVHD. a GVHD occurred at an increasing phase of sIL-
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Fig. 4 a ROC curve of sIL-2R level on day 7 for the prediction of
severe GVHD. To determine the appropriate cutoff value of sIL-2R
levels on day 7 to discriminate patients with and without severe
GVHD, ROC analysis was performed, and the optimal grade II-III
GVHD cutoff point was found to be 810 U/ml, shown by the
arrowhead. The area under the ROC curve (AUC) was 0.790.
b Cumulative incidence of severe GVHD for patients with sIL-2R on
day 7 of >810 and <810 U/ml. Cumulative incidence of acute GVHD

Cox proportional hazards model (Table 2). In a univariate
analysis, day 7 sIL-2R =810 U/ml, offspring, age
>47 years, and first transplantation were significantly
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2R or at the peak level by day 30. b GVHD occurred at a decreasing
phase of sIL-2R (still at a high level) over the peak of sIL-2R.
¢ GVHD occurred after returning to the background level of sIL-2R,
which passed through the high levels after transplantation. d GVHD
occurred at a time point slightly increased from the background level
of sIL-2R after day 30
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for patients with sIL-2R on day 7 of >810 U/m! and <810 U/ml was
estimated using the Kaplan-Meier method, treating death and relapse
as competing risks. Gray's test was used for comparison of
cumulative incidence in the 2 groups. Patients with sIL-2R on day
7 of >810 U/ml had a significantly higher risk of severe acute GVHD
than those with day 7 sIL-2R of <810 U/ml (p = 0.00076, log-rank
test)

associated with the occurrence of severe GVHD. In a
multivariate analysis, day 7 sIL-2R >810 U/ml was only a
factor significantly associated with the occurrence of
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Table 2 Analysis of factors
related to the development of
severe GVHD

Univariate analysis Multivariate analysis

CI confidence interval, CR

P Cl p Cl
SIL-2R on day 7 (=802 vs <802) 0.0024  2.214-40.431 0.0101  1.597-31.999
Donor source (offspring vs others) 0.0125 1.287-8.102  0.6601 0.238-9.617
Age (47 vs <47 years) 0.0089  1.389-9.905  0.8337 0.144-11.068
Disease status before transplantation (CR vs non-CR)y — 0.7203  0.307-3.527  0.1965 0.576-14.591
Sex (female vs male) 0.1877 0.769-3.820 0526  0.525-3.523
Number of times of transplant (retransplantation vs first  0.0155  0.112-0.795  0.2003  0.100-1.621
transplantation)
HLA disparity in GVH direction (2 antigen vs 3 0.8831  0.430-2.067  0.5993 0.322-1.922
antigen)
Disease (ALL vs others) 02713 0.152-1.698  0.490  0.181-2.265

complete remission, non-CR
non-complete remission

severe GVHD (p = 0.0101, CI 1.597-31.999). Offspring,
age >47 years, and {irst transplantation had no significant
impact on the occurrence of severe GVHD.

Discussion

In the present study, using data from 77 patients who
underwent HL.A-haploidentical RIST, we investigated the
thorough kinetics of serum sIL-2R after transplantation (o
elucidate the usefulness of sIL-2R as a GVHD biomarker,
and found that sIL-2R on day 7 was useful as a predictor of
severe GVHD.

In the present study, data from other pathological situ-
ations that increase serum sIL-2R were excluded from the
analysis. Serum sIL-2R levels reflect the magnitude of the
activation and proliferation of T cells, but are not specific
to the GVH reaction. This is an inevitable drawback in the
diagnosis of GVHD using sIL-2R, as a non-specific T cell
reaction of donor or recipient origin produces sIL-2R in
some particular transplant complications, such as infection.
To avoid the effect of these complications on sIL-2R
analysis, other researchers also excluded data from patients
with these complications, who represent 15 % of alloge-
neic recipients [12]. In the present study, a tumor-associ-
ated increase in sIL-2R was observed in a slightly high
incidence because the majority of patients treated in our
institute were in non-CR at the time of transplantation;
therefore, data from a slightly higher proportion (20 %) of
patients were excluded.

In the absence of GVHD, the median serum sIL-2R was
slightly increased after transplantation, peaked on day 11
(the peak level was 740 U/ml), and thereafter decreased to
as low as between 290 and 450 U/ml (Fig. 1). On the other
hand, in the presence of GVHD, the median serum sIL-2R
increased after transplantation, peaked in a median of
11 days (the peak level was 1,663 U/ml), and thereafter
decreased to low levels of <600 U/ml (Fig. 2). Compared
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with the previous studies [14, 16], in which sIL-2R levels
peaked 2--3 weeks after transplantation with the peak level
of 3,000-5.000 U/ml, sIL-2R in the present study reached
the peak level slightly earlier, but the peak levels were
lower. The use of ATG-containing RIC regimen and the
incorporation of glucocorticoids into the GVHD prophy-
laxis are considered to contribute to the decrease in the
peak level of sIL.-2R, which is probably the main reason for
a low incidence of severe GVHD observed in our regimen
for HLLA-haploidentical RIST [5]. Miyamoto et al. [14], in
the study of allogeneic SCT using myeloablative condi-
tioning, reported that sIL-2R in patients with GVHD star-
ted to increase on day 3, and that the elevation of sIL-2R on
day 3 predicted the occurrence of acute GVHD. In the
present study, sIL-2R in patients with GVHD started to
increase on day 7, as shown in Fig. 2. This discrepancy
may be explained by the use of RIC in this study, which
induces mixed chimerism status between donor and reci-
pient in the early transplant period, retarding the start of
GVH reaction.

The previous studies of sIL-2R only showed that sIL-2R
peaked on weeks 2 and 3, or that the peak level of sIL-2R
was associated with the severity of GVHD [14, 16]. From
the analysis of the onset of GVHD, GVHD was found to
occur in 4 different phases of sIL-2R curve: GVHD
occurred (1) at an increasing phase or at the peak level of
sIL-2R after transplantation (Fig. 3a), (2) at a decreasing
phase of sIL-2R (still at a high level) over the peak of sIL-
2R (Fig. 3b), (3) after returning to the background level of
sIL-2R, which passed through the high levels after trans-
plantation (Fig. 3¢), and (4) at a time point slightly
increased from the background level of sIL-2R after day 30
(Fig. 3d). Although the prophylactic use of glucocorticoids
is considered to contribute to the reduction in sIL-2R lev-
els, as described above, there was no difference among 4
patterns of patients with GVHD in the administration
schedule of steroids until the onset of GVHD. The occur-
rence of GVHD in 4 different phases of sIL-2R curve of
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GVHD is not limited to HLA-haploidentical RIST, but
observed also in other types of allogeneic SCT, including
related HLA- matched, unrelated bone marrow, and
umbilical cord blood SCT (data not shown). These results
show that GVHD occurs at any time point on the sIL-2R
curve, indicating that sIL-2R is not a suitable marker for
real-time monitoring of the development of GVHD. Host
organ-associated factors [29-31], other than donor T cell
activation, must be also associated with the ultimate
development of GVHD.

In fact, while sIL-2R peaked at a median of 11 days in
patients developing GVHD, GVHD occurred at a median
of 28 days. This time lag between the peak level of sIL-2R
and the onset of GVHD may be explained as follows.
According to the pathophysiology of GVHD that Ferrara
et al. [32] proposed, donor T cell activation precedes a
series of the subsequent various immunological reactions
leading to the development of GVHD. In addition, GVHD
may become clinically evident as the dose of immuno-
suppressive agents is tapered.

On the other hand, the fact that the majority of patients
developing GVHD showed a high level of sIL-2R early in
their transplant course indicates that sIL-2R levels in the
early transplant phase could be a predictor of severe
GVHD. In a univariate analysis, day 7 sIL-2R >810 U/ml,
offspring, age >47 years, and first transplantation were
significantly associated with the occurrence of severe
GVHD; however, in a multivariate analysis, day 7 sIL-2R
>810 U/ml was only a factor significantly associated with
the occurrence of severe GVHD (Table 2). Thus, for the
first time, we showed that sIL-2R in the early transplant
phase was useful as a GVHD predictor.

The occurrence of events, such as VOD or sepses, until
day 7 may result in non-specific increase in sIL-2R on day
7, which make it unable to predict GVHD using day 7 sIL-
2R; however, the predictability of GVHD by sIL-2R on day
7 is not basically affected by such pathological events that
occur after day 7. Regarding non-specific increase in sIL-
2R on day 7, whether we can detect or diagnose such
events (inducing increase in sIL-2R) on day 7 is practically
important because the GVHD predictor should not be
applied if a given patient has such events and shows sIL-2R
>810 U/ml. The diagnosis of VOD or severe infections is
relatively easy, whereas accurate quantification of residual
tumor burden that may lead to tumor-associated increase in
sIL-2R may be sometimes difficult. In general, in case of
tumor-associated increase, sIL-2R levels are usually high
since before transplantation or during conditioning, and
tend to gradually or rapidly decrease after transplantation
in this early transplant period, whereas, in GVHD-associ-
ated increase, sIL-2R levels are increasing at day 7 in most
cases, as shown in Fig. 2. Therefore, when applied to
patients undergoing allogeneic SCT in CR status, sIL-2R

will be more useful as a GVHD predictor. In addition, even
if such a non-specific increase blunts the usefulness of sIL-
2R as GVHD predictor, when sIL-2R levels are <810 U/ml
on day 7, the incidence of GVHD is only 6.5 %, as shown
in Fig. 4b, indicating that patients with such low sIL-2R
levels have an extremely low risk of developing severe
GVHD even in HLA-haploidentical SCT.

In conclusion, in this HLA-haploidentical SCT using the
combination of ATG-containing RIC regimen and the
incorporation of glucocorticoid into GVHD prophylaxis,
sIL-2R levels were mostly suppressed after transplantation
compared with other studies on sIL-2R, which possibly
lead to a low incidence of severe GVHD. sIL-2R on day 7
was useful as a predictor of GVHD in this transplant
setting.
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Idiopathic cytopenias are frequently observed in patients after allogeneic hematopoietic stem cell trans-
plantation (allo-HSCT). We have previously reported the effect of graft-versus-host disease (GVHD) on bone
marrow (BM) in murine models, indicating that the osteoblast injury mediated by donor T cells was asso-
ciated with bone marrow suppression and delayed immune reconstitution. In this study, we prospectively
evaluated the relevance of these findings in 51 patients. Patients with chronic GVHD manifested the loss of
osteoblasts, contributing to cytopenic symptoms (P = .0427 compared with patients without cytopenic
symptoms). The loss of osteoblasts was significantly associated with the extensive type of chronic GVHD

(P =.012), and flow cytometric analyses revealed lower numbers of CD197 B cells and a significantly increased
CD4 to CD8 ratio (P =.0002) in these patients. Our data, for the first time to our knowledge, summarize the
detailed analyses of the effect of GVHD on BM in the clinical allo-HSCT patients.

© 2014 American Society for Blood and Marrow Transplantation.

INTRODUCTION

Allogeneic stem cell transplantation (allo-HSCT) is
currently established as a curative therapy for hematologic
malignancies. However, graft-versus-host disease (GVHD)
still remains a major complication after allo-HSCT and,
therefore, developing better strategies for the prophylaxis
and treatment of GVHD is essential to improve outcomes of
allo-HSCT. The principal target organs of acute GVHD are the
skin, liver, and gastrointestinal tract | 1}. However, cytopenias
and bone marrow (BM) suppression are often observed in
association with GVHD in patients undergoing allo-HSCT,
suggesting that BM is a potential target of GVHD. Clinical
and experimental data have shown that immunologic
reconstitution is impaired by GVHD {2-5], and GVHD-
associated myelosuppression and lymphoid hypoplasia
have been reported {6-8]. Recently, we demonstrated the
destruction of BM hematopoietic niches, especially osteo-
blasts, by donor T cells in murine models of GVHD, resulting
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in BM suppression, including B lymphopoiesis. We identified
this phenomenon as BM GVHD [9]. Here, we report clinical
research investigating BM GVHD in patients after allo-HSCT.
We analyzed 51 patients undergoing allo-HSCT who were
evaluable with BM biopsy samples both before and after allo-
HSCT.

METHODS
Study Design and Patients

For our prospective analyses of BM GVHD, we enrolled 57 patients who
underwent allo-HSCT from February 2010 to June 2012 in Hokkaido Uni-
versity Hospital. A total of 51 patients were assessed for BM biopsy speci-
mens before and after allo-HSCT (6 patients who did not have BM biopsies at
all after allo-HSCT were excluded). The study protocol was approved by the
review board of Hokkaido University Graduate School of Medicine on
January 29, 2010. Patients provided written informed consent before being
enrolled in the protocol. Characteristics of patients, as well as of the trans-
plantation procedures, are summarized in Table 1.

Evaluation of GVHD
Diagnosis and clinical grading of acute and chronic GVHD were
performed according to established criteria | 1(-12].

Bone Marrow Samples

We performed BM biopsies and aspirations for patients before and after
allo-HSCT. BM aspirates were analyzed for B and T cell profiles by flow
cytometry. Biopsied specimens were stained with hematoxylin and eosin, as
well as with CD56 for immunohistochemical assessments of cellularity,
morphology, and presence or absence of osteoblasts {13]. We categorized
the loss of osteoblasts into 3 groups: {1) not affected, if the osteoblasts were
intact or the decrease was moderate, up to 30%; (2) partial loss, if the
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Table 1
Characteristics of Patients
Characteristics Value
No. of transplantations 51
Age, median {range), yr 41 {19-66)

Patient sex

Male 27 (53%)
Female 24 (47%)
Disease
AML 16 (31%)
MDS 5010%)
ALL/LBL 12 (24%)
ML 9 (18%)
ATL 3(6%)
AA 3(6%)
Others 3{6%)
Donor sources
U-BMT 28 (55%)
R-PBSCT 8 (16%)
R-BMT 5(10%)
CBT 10 (20%)
Preparative regimen
ST 201{39%)
RIST 31 (61%)
Immuno suppression
CyA based 13 (25%)
FK based 38 (75%)

AML indicates acute myelogenous leukemia; MDS, myelodysplastic syn-
drome; ALL/LBL, acute lymphocytic/lymphoblastic lymphoma; ML, malig-
nant lymphoma; ATL, acute T cell leukemia; AA, aplastic anemia; U-BMT,
unrelated bone marrow transplantation; R-PBSCT, related peripheral blood
stem cell transplantation; R-BMT, related bone marrow transplantation;
CBT, cord blood transplantation; CST, conventional stem cell trans-
plantation; RIST, reduced-intensity stem cell transplantation; CyA, cyclo-
sporin A; FK, tacrolimus.

Data presented are n (%) unless otherwise indicated.

osteoblasts were partially lost, in between 30% to 90% of the bone trabeculae
in the pathological sections; and (3) complete loss, if more than 90% of os-
teoblasts were lost.

Assessment of Cytopenias

We identified the cytopenic condition as idiopathic cytopenias after
excluding the following conditions. We excluded bacterial, fungal, and viral
infections by routine screening tests (serological as well as culture tests).
Additionally, thrombo microangiopathy and hemophagocytic syndrome
that also cause cytopenias in patients were excluded. Insufficient hemato-
poiesis after engraftment was also excluded when the patient showed
recovery (confirmed retrospectively) in hematopoiesis without any specific
treatment for the cytopenias.

Statistical Analysis

Median values and ranges were used for continuous variables and per-
centages were used for categorical variables (Table 7). Gray's test was used
for group comparisons of cumulative incidences of acute and chronic GVHD.
Statistical analyses were performed using chi-square test and t-test, as
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appropriate. JMP software version 8,0.2 (5AS Institute, Cary, NC) was used
for most of the statistical analyses, Analysis of cumulative incidences was
carried out with EZR (Saitama Medical Center, Jichi Medical University,
hrps/ www fichiac p/sattama-set/SattamaliP Hles/statmed ENhtmt), which
is a graphical user interface for R (The R Foundation for Statistical
Computing, version 2,13.03 1141 All P values were 2 sided and a value of
P05 was used as a cut off for statistical significance,

RESULTS
Patients’ Characteristics, Sample Collections, and Acute
and Chronic GVHD after Allo-HSCT

The patients’ characteristics are shown in Table 1. The
median age at allo-HSCT for the 27 males and 24 females was
41 years (range, 19 to 66). Of 51 patients analyzed, 32
developed acute GVHD (Figure 1A) and 29 developed chronic
GVHD (Figure 1B). BM biopsies were performed before
(median, day —22; range, day —174 to day ~8) and after
(median, day 63; range, day 18 to day 527) allo-HSCT
together with BM aspirations. The average number of the
BM biopsies performed after allo-HSCT was 1.7 per patient
(range, 1 to 6). We found a significant decrease of BM cellu-
larity in samples collected from patients suffering from
cytopenias in the peripheral blood (Supplemental Table 7).
The characteristics of GVHD, in terms of the duration from its
onset to BM biopsy, as well as the percentage of donor
chimerism in the samples with cytopenic symptoms are
shown in Supplemental Table 2.

BM GVHD and BM Suppression during Acute GVHD

We analyzed a total of 56 BM samples biopsied from day
0 to day 100 after allo-HSCT (Figure 2). Of these 56 samples,
15 were harvested when the patients had acute GVHD. Eight
of these 15 samples were harvested from patients suffering
from cytopenias and 2 of them displayed partial loss of os-
teoblasts, identifying 1 sample as an idiopathic cytopenia.
We also identified 3 samples presenting the partial loss of
osteoblasts; however, none of these 3 samples were collected
when patients showed clinical manifestation of acute GVHD
symptoms. The causes of cytopenias for these 3 samples
included disease relapse and delayed engraftment. Taken
together, during the early period after allo-HSCT, we did not
observe a strong correlation between loss of osteoblasts and
idiopathic cytopenias.

BM GVHD and BM Suppression during Chronic GVHD

We analyzed a total of 33 samples biopsied beyond day
100 (Figure 3A). Of 14 samples harvested from patients when
they exhibited symptoms of chronic GVHD and concurrent
idiopathic cytopenias, 4 samples displayed partial loss of
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Figure 1. Cumulative incidences of acute (A) and chronic (B) GVHD after allogeneic hematopoietic stem cell transplantation.
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Figure 2. Assessments of bone marrow biopsy samples from patients up to
day 100 after allogeneic hematopoietic stem cell transplantation. aGVHD in-
dicates acute graft-versus-host disease; Bx, biopsy.

osteoblasts and another 6 samples displayed complete loss of
osteoblasts. We further detailed the types of chronic GVHD
affecting these idiopathic cytopenias and found 10 of 19
samples from patients suffering from idiopathic cytopenias
displayed extensive chronic GVHD (Figure 3B). The loss of
osteoblasts was significantly correlated with the extensive
type of chronic GVHD (Table 2, P = .012) and also with
idiopathic cytopenias in patients with chronic GVHD
(Table 3, P =.0427). Among samples collected when patients
had no cytopenic symptoms, no loss of osteoblasts were
observed. We observed a significantly higher frequency of
GVHD treatment with steroids in patients with osteoblast
loss during chronic GVHD (Tabie 4). Characteristic patho-
logical analyses of these cases, as well as a control BM sam-
ple, are summarized below.

Case 1: A patient with no GVHD and no cytopenias

Figure 4A indicates a pathological sample from a 47-year-
old female who had no episodes of GVHD symptoms and no
cytopenias when her BM sample was harvested on day 41. In
hematoxylin and eosin staining, osteoblasts lining bone
trabeculae are well observed before allo-HSCT and on day 41
(arrowheads). The lower panels show CD56 staining from the
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Figure 3. Assessments of bone marrow biopsy samples from patients after day
100 after allogeneic hematopoietic stem cell transplantation. (A) Relations
between loss of osteoblasts and idiopathic cytopenias. (B) Grades of chronic
GVHD and their relations to idiopathic cytopenias.

Table 2
Loss of Osteoblasts and Its Correlation with Chronic GVHD in BM Samples
after Day 100

Chronic GVHD Loss of Loss of P Value
Osteoblasts (+)  Osteoblasts ()
{n = 14 Samples) (n = 19 Samples)

Any chronic GVHD 11 8 0324
Limited chronic GVHD 3 5 7451
Extensive chronic GVHD 8 3 0120

‘GVHD indicates graft-versus-host disease; BM, bone marrow.
Bold values indicate 2-tailed chi-square test.

same patient. Previous reports indicate neural cell adhesion
molecule (NCAM, CD56) is strongly expressed by human
osteoblasts |13]; therefore, we used CD56 staining for our
samples to specifically identify osteoblasts.

Case 2: A patient with chronic liver and skin GVHD with
cytopenias

A 57-year-old male patient underwent allo-HSCT from an
HLA identical sibling. His underlining disease (anaplastic
large cell lymphoma) relapsed on day 134 and tacrolimus
was tapered off afterwards. Chronic extensive GVHD of the
liver manifested on day 168, followed by deterioration of
cutaneous and oral chronic GVHD and cytopenias, including
platelets and red blood cells (grade 4 in platelets and grade 2
in hemoglobin by Common Terminology Criteria for Adverse
Events version 4). BM biopsy on day 176 shows the complete
loss of osteoblasts (Figure 4B). Chronic GVHD and cytopenias
were then improved by the resumption of low-dose tacroli-
mus, and BM biopsy on day 521 showed recovery of
osteoblasts.

Case 3: A patient with sustained cytopenias with skin GVHD

Figure 4C shows BM from a 37-year-old male patient
receiving allo-HSCT from an HLA mismatched unrelated
donor. Gradual cytopenias was observed from day 90 after
allo-HSCT with stage 1 cutaneous GVHD. BM biopsy on day
127 displays complete loss of osteoblasts. When he recov-
ered from these symptoms, osteoblasts reappeared on the
sample taken on day 260.

Case 4: A patient with gradual loss of osteoblasts with
worsening GVHD

A 27-year-old male patient underwent allo-HSCT from an
unrelated donor. He achieved neutrophil engraftment on day
20; however, he remained dependent on platelet and red
blood cell transfusions. He developed stage 1 skin GVHD on
day 34. Red blood cell and platelet engraftment were

Table 3
Loss of Osteoblasts and its Correlation with Idiopathic Cytopenias in BM
Samples after Day 100

Loss of c¢GVHD (+),

Osteoblasts Idiopathic Idiopathic
Cytopenia (+) Cytopenia (~)
(n = 14 Samples) (n = 5 Samples)’

cGVHD (+), P Value

Any osteoblast loss 10 1 .0427
Partial loss 4 1 7032
Complete loss 6 0 .0324

BM indicates bone marrow; cGVHD, chronic graft-versus-host disease.
Bold values indicate 2-tailed chi-square test.

+ Loss of osteoblasts is defined as partial if loss of osteoblasts is observed
in 30% to 90% of the bone trabeculae in the pathological sections and com-
plete if more than 90% of the osteoblast are lost.

¥ These samples include n = 3 samples without cytopenias and n = 2 with
cytopenias with identified causes.
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Table 4
Steroid Administration and Loss of Osteoblasts in Chronic GVHD BM Sam-
ples after Day 100

Steroid Loss of Osteoblasts (1) Loss of Osteoblasts (~) P Value
Therapy at  ¢GVHD (+) cGVHD ()

BM Biopsy (n = 11 Samples) (n = & Samples)

(+) 8 2 .0360
(-) 3 6

GVHD indicates graft-versus-host disease: BM, bone marrow: cGVHD;
chronic graft-versus-host disease,

achieved on day 106 (reticulocytes =1%) and day 30
(>20,000/uL), respectively. Osteoblasts were partially lost on
BM samples taken on day 36 (Figure 4D). Cytopenias
continued, and he then developed chronic lung GVHD
exacerbating from day 97, which was successfully treated
with steroid therapy. However, the cytopenias persisted
and the complete loss of osteoblasts was observed in BM
samples taken on day 147. These results demonstrate the
potential correlation between systemic (and supposedly
affecting BM) GVHD and loss of BM osteoblasts leading to
cytopenias. The patient did not develop bronchiolitis oblit-
erans syndrome.

B

Pre allo-HSCT

Suppression of CD19" B Cells and Increased CD4 to CD8
Ratio in BM Samples with the Loss of Osteoblasts

We next examined the BM aspirates samples taken at the
same time points of the BM biopsies. We analyzed samples
collected after day 100 by categorizing them into 3 sub-
groups based on the status of osteoblasts: not affected, par-
tial loss, and complete loss. We observed decreased numbers
of CD197 B cells and CD3™ T cells in parallel with the loss of
osteoblasts (Figure 5). Also, we found the ratio of CD4 and
CD8 T cells was significantly increased with the loss of os-

These data indicate the effects of BM GVHD, resulting in
disrupted hematopoiesis after allo-HSCT and are consistent
with our mouse model data in the setting of BM GVHD [9].

DISCUSSION

In the settings of clinical allo-HSCT, patients frequently
suffer from sustained cytopenias that parallel systemic
GVHD. Some patients in the outpatient clinics after day 100
develop cytopenias without any signs of infection or GVHD.
The causes for these cytopenias include relapse of original
disease, viral (or bacterial) infections, and/or side effects of
drugs, and it is very important to identify the cause as it
directly affects the treatment decision for these patients, By

Pre allo-HSCT

Figure 4. Loss of osteoblasts during GVHD and cytopenias. Biopsied bone marrow (BM) samples were stained with hematoxylin and eosin (upper panels for all
pictures), as well as with CD56 (lower panels for all pictures) for assessments of cellularity, morphology, and presence or absence of osteoblasts. Magnification for the
images is x400. (A) BM samples from a 47-year-old patient after unrelated bone marrow transplantation who had no episode of GVHD and cytopenias when BM
biopsies were performed. Osteoblasts are well preserved. Arrowheads indicate osteoblasts. (B) A 57-year-old patient who underwent related peripheral blood stem
cell transplantation and relapsed on day 134 developed symptoms of chronic GVHD and cytopenias after day 160. Complete loss of osteoblasts is shown on day 176,
and when he recovered from those symptoms osteoblasts are back on day 521. (C) A 37-year-old patient after related peripheral blood stem cell transplantation
gradually developed cytopenias after day 90 with stage 1 skin GVHD. The BM samples on day 127 show clear loss of osteoblasts. On day 260, when his symptoms
subsided, osteoblasts recovered to a normal level. (D) A 27-year-old patient who underwent unrelated bone marrow transplantation attained engraftment of white
blood cells on day 20; however, cytopenias had persisted and he developed stage 1 skin GVHD on day 34, Partial loss of osteoblasts was observed from day 36 to day
68 and he had been on high demand of red blood cell and platelet transfusions. The BM samples on day 147 indicate complete loss of osteoblasts.
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Figure 5. Flow cytometric analyses of BM aspirates in patients after day 100. BM aspiration was performed at the same time of BM biopsy in these patients.
Cellularity, nucleated cell count (NCC), CD19™ cells, CD3~ cells, and the ratio of CD4™ to CD8™ cells are shown.

evaluating BM biopsy samples with hematoxylin and eosin,
as well as CD56 immunohistochemical staining, we analyzed
BM osteoblasts and compared these results with the
respective clinical courses. As a result, we confirmed the
disappearance of osteoblasts in samples from patients with
idiopathic cytopenias and chronic GVHD during the late
stage after allo-HSCT, suggesting the correlation between
chronic GVHD and BM GVHD, resulting in BM suppression.
Bone damage after allo-HSCT [15}, especially suppression of
B lymphopoiesis during GVHD, has been reported in both
clinical and experimental studies {2,6,16-19], and our previ-
ous study in murine models unveiled new details of the
mechanisms involved in this phenomenon, focusing on the
destruction of hematopoietic niches by donor T cells in the
course of GVHD {9}. In this article, we also reported the an-
alyses of various clinical factors in BM, including cellularities
and B cell analyses, which indicated the correlation with BM
GVHD in human chronic GVHD cases. Consistent with our
findings in murine GVHD models, we observed a decreased
number of CD19" B cells and an increased CD4 to CD8 ratio in
patients with osteoblast destruction; however, these find-
ings were not observed during the early period after allo-
HSCT, when in the murine models, donor CD4% T cells
mediated strong BM GVHD. It is possible that in the clinical
settings, patients are treated with immunosuppressive
therapy and this could have prevented acute BM GVHD
120,21]. In cases of patients treated with steroids, it is quite
difficult to separate the effects of chronic GVHD on osteo-
blasts from those of treatment with steroids, as steroids also
decrease osteoblastic proliferation and activity {22]. We
observed a higher frequency of GVHD treatment with ste-
roids in patients who had idiopathic cytopenias with osteo-
blast loss (Table 4), indicating more severe systemic GVHD
with BM GVHD that required steroid therapy.

In conclusion, we have shown for the first time, to our
knowledge, the direct proof of BM GVHD and the loss of
osteoblasts in chronic GVHD patients. Further studies with a
large number of patients are warranted; however, our find-
ings explain the cause of idiopathic cytopenias after allo-
HSCT and give valuable insights for clinicians to use in
treating patients suffering from BM suppression after allo-
HSCT.
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Programmed Death-1 Pathway in Host Tissues Ameliorates
Th17/Thl1-Mediated Experimental Chronic Graft-versus-Host
Disease

Hideaki Fujiwara,* Yoshinobu Maeda,* Koichiro Kobayashi,* Hisakazu Nishimori,*
Ken-ichi Matsuoka,* Nobuharu Fujii,* Eisei Kondo,* Takehiro Tanaka,” Lieping Chen,*
Miyuki Azuma,’ Hideo Yagita,” and Mitsune Tanimoto*

Chronic graft-versus-host disease (GVHD) is a major cause of late death and morbidity after allogeneic hematopoietic cell trans-
plantation, but its pathogenesis remains unclear. We investigated the role of the programmed death-1 (PD-1) pathway in chronic
GVHD using a well-defined mouse model of B10.D2 (H-2%) donor to BALB/c (H-29) recipients. PD-1 expression on allogeneic donor
T cells was upregulated continuously in chronic GVHD development, whereas PD-L1 expression in host tissues was transiently
upregulated and declined to basal levels in the late posttransplant period. Blockade of the PD-1 pathway by anti-PD-1, anti-PD-
L1, or anti-PD-L.2 mAbs exacerbated clinical and pathologic chronic GVHD. Chimeric mice revealed that PD-L1 expression in
host tissues suppressed expansion of IL-17"IFN-y* T cells, and that PD-L1 expression on hematopoietic cells plays a role in the
development of regulatory T cells only during the early transplantation period but does not affect the severity of chronic GVHD.
Administration of the synthetic retinoid Am80 overcame the IL-17"IFN-y* T cell expansion caused by PD-L1 deficiency, resulting
in reduced chronic GVHD damage in PD-L17™'" recipients. Stimulation of the PD-1 pathway also alleviated chronic GVHD. These
results suggest that the PD-1 pathway contributes to the suppression of Th17/Thl-mediated chronic GVHD and may represent

a new target for the prevention or treatment of chronic GVHD. The Journal of Immunology, 2014, 193: 2565-2573.

lloreactive T cell activation, expansion, cytokine secre-
A tion, and effector function require two signals: 1) in-

teraction between the TCR and antigenic peptide-MHC
complex on APCs, and 2) Ag-independent costimulatory mole-
cules expressed on APCs (1-3). However, some of these costim-
ulatory molecules deliver negative signals that could regulate
T cell tolerance. The programmed death-1 (PD-1) receptor is in-
volved in the B7:CD28 family and is associated with regulatory
function with its ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC) (4-9).
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PD-1 is expressed by activated CD4" and CD8™ T cells, B cells,
and myeloid cells (4, 10). Expression of PD-L1 is upregulated on
dendritic cells (DCs), monocytes, and B cells, as well as in
nonlymphoid organs, such as vascular endothelium, pancreatic
islets, and keratinocytes (6, 7, 11, 12). PD-L1 is also upregulated
on APCs and nonlymphoid organs by a major proinflammatory
cytokine, IFN-y (11, 13).

Previous studies have reported a role for PD-1/PD-L in acute
graft-versus-host disease (GVHD), which is mainly Th1 biased and
organ damage is CD8 T cell mediated, involving cytotoxic and
inflammatory mediators, such as IFN-y, TNF-«, and IL-1. Blazar
et al. (14, 15) revealed that systemic IFN-v levels were augmented
by PD-1/PD-L blockade and that this accelerated acute GVHD
lethality. Li et al. (16) showed that the absence of PD-L1 ex-
pression allowed donor CD8* T cell expansion and exacerbated
GVHD Ilethality, using an acute GVHD model. In contrast, chronic
GVHD is primarily dependent on CD4™ T cells, and the patho-
physiology of chronic GVHD differs from that of acute GVHD.
Although chronic GVHD is a major cause of late death and
morbidity after allogeneic hematopoietic cell transplantation, the
role of the PD-1 pathway in chronic GVHD is not fully defined.
In this study, we investigated the role of the PD-1 pathway in
the development of Th subsets in a well-defined chronic GVHD
model (B10.D2 into BALB/c). Furthermore, many reports have
shown that PD-L1 plays an important role in the expansion of
regulatory T cells (Tregs), and Yi et al. reported that PD-L1 de-
ficiency on host APCs, not tissues, caused impaired Treg expan-
sion in the mouse GVHD model (17, 18). However, it remains
unknown whether PD-L1 deficiency on host APCs is associated
with chronic GVHD. In this study, we used different chimeric
recipients with PD-L1 expression only on hematopoietic cells or
host tissues and clarified that PD-L1 deficiency in host tissues, not
hematopoietic cells, is associated with exacerbated chronic GVHD.
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Materials and Methods
Mice

Female B10.D2 (H-2") donor mice were purchased [rom Japan SLC
(Hamamatsu, Japan), Female BALB/c (H-2%) recipient mice were purchased
from Charles River Jupan (Yokohuma, Japan), PD-l-deficient (PD-1777)
mice on a BALB/c background were generated previously and provided by
T. Honjo (Kyoto University, Kyoto, Japan) via RIKEN BRC (Tsukuba-shi,
Japan) (19-21). PD-LI-deficient (PD-L1777) mice on a BALB/¢ back-
eround were generated previously and kindly provided by Dr. M. Azuma
(Tokyo Medical and Dental University, Tokyo, Japan) with permission of
Dr. L. Chen (Yale University, New Haven, CT) (22), PD-17"" mice and
PD-L17" mice on a B10.D2 background were generated by backerossing
for 10 generations. All mice were maintained under specific pathogen-free
conditions and used at 8-12 wk of age. All animal experiments were
performed according o the regulations of the Institutional Animal Care
and Research Advisory Committee, Okayama University Advanced Sci-
ence Research Center, Okayama. Japan.

Bone marroyw transplantation

Mice received transplants according to standard protocols described pre-
viously (23). In briel. recipient BALB/c mice received a single dose of 5.8
Gy X-ray total body irradiation and were injected with 2 X 10° spleen
T cells and 8 X 10° T celi-depleted bone marrow (TCD-BM) cells from
BALB/c or B10.D2 donors. Chimeric mice were generated with transplants
according o protocols described previously (24). Bone marrow (BM) was
isolated from PD-L17"" or wild-type (WT) BALB/c donor mice. PD-L17"
or WT BALB/c recipient mice received a single dose of 5.8-Gy total body
Keray irradiation and immediately after irradiation were injected with
5 % 10 cells. Full donor chimerism was confirmed by evaluating PD-L.1
expression on splenic CD11¢” DCs after at least 12 wk after BM transplant
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(BMT) (24). After BMT, animals were weighed twice/week and scored for
skin manifestations of GVHD (23).

Tissue histopathology

Shaved skin from the interscapular region (~2 em?) and liver specimens of
recipients were fixed in 10% formalin, embedded in paraffin wax. sec-
tioned, mounted on slides, and stained with H&E. Masson trichrome
staining was used for fibrosis. Slides were scored by a pathologist (T.T.)
blinded 10 the experimental group. Skin was scored on the basis of dermal
fibrosis, fat Joss, inflammation, epidermal interface changes. and follicular
dropout (0-2 for each category: the maximum score was 10) (23). Liver
slides were also scored according to bile duct injury and inflammation (0-4
for each category: the maximum score was 8) (25). Salivary gland slides
were scored based on awrophy and inflammation (03 for each category)
and the maximum score was 6 (26).

Inmunofluorescence analysis

PE-conjugated anti-CD25 (PC61.5), anti-PD-1 (CD279, RMP1-30), anti~
PD-L1 (CD274, MIH3). anti-PD-L2 (TY23). FITC-conjugated anti-CD4
(RM4-5), anti-CD8 (53-6.7), anti-CD1lc (N418), anti-Foxp3 (FIK-16s),
PerCP-Cy3.5-conjugated anti-CD4 (RM4-5), allophycocyanin-conjugated
anti-CD8 (53-6.7), 7-AAD, and control Abs were purchased from eBio-
science (Affymetrix Japan K.K., Tokyo, Japan), Cells were analyzed using
a FACSCulibur flow eytometer and CellQuest software or the MACSQuant
flow cytometer with the Flowlo software,

Immunohistochemistry
Back skin tissues from syngeneic and allogeneic recipients were removed

surgically, embedded in Tissue-Tek (Sakura, Tokyo. Japan). frozen, and
stored at —80°C until use. Cryostat sections (5 pm thick) were fixed in
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FIGURE 1. Thl7 and Thi cells are increased during chronic GVHD. (A-E) Sublethally irradiated (5.8 Gy) BALB/c mice were transplanted with 2 X 10°
spleen T cells and 8 X 10° TCD-BM cells from B10.D2 mice (allogeneic group). The syngeneic group received a transplant of the same dose of splenocytes
and TCD-BM from BALB/c mice. Body weight change (A) and clinical GVHD skin scores (B) are shown; data shown are from 1 representative of =3
independent experiments (n = 24 in each group). Pathology scores of skin and liver (C) from days 14 to 56 of BMT are shown. Data shown are from 1
representative of =3 independent experiments (11 = 8 in each group). (D) Representative staining for intracellular IL-17 and IFN-y on CD4™ cells on day 28
for syngeneic and allogeneic mice. The numbers and percentages of donor-derived CD4™ T cells expressing IFN-y*IL-17", IL-17"IFN-vy ", and IL- 17" IFN-y*
cells from pLNs of syngeneic and allogeneic mice on days 14 and 28 are shown. (E) The numbers and percentages of donor-derived CD4* T cells expressing
CD25" Foxp3™ cells from pLNs of syngeneic and allogeneic mice on days 14 and 28 are shown. The means (* SE) of each group are shown. Data shown are

from 1 representative ol =3 independent experiments (22 = 8 in each group). *p < 0.03, **

n < 0.005.
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absolute acetone and subjected to enzymatic immunohistochemistry.
After blocking, sections were incubated with the primary mAb against
PD-L1 (MIHS5; eBioscience) overnight at 4°C. The primary Abs were
detected using the Histofine Simple Strain Mouse MAX PO kit and
diaminobenzidine solution (Nichirei Biosciences, Tokyo, Japan). Sec-
tions were counterstained with hematoxylin. The images were captured
using an Olympus BH2 microscope with a Nikon DS-5M color digital
camera (Nikon. Tokyo, Japan), controlled by the ATC-2U software
(version 1.5: Nikon). An Olympus X10/20 ocular lens and a X20/0.46
NA objective lens were used.

Real-time PCR

Total RNA from snap-frozen skin tissues of syngeneic and allogeneic
recipients was extracted using the TRIzol reagent (Life Technologies,
Tokyo. Japan) according to the manufacturer’s protocol. cDNA was syn-
thesized using oligo(dT) primers and Superscript II reverse transcriptase
(Invitrogen). Target cDNA levels were quantified using real-time quanti-
tative PCR with an ABI Prism 5300 system (Applied Biosystems, Tokyo,
Japan). TagMan Universal PCR Master mix, primers, and the fluores-
cent TagMan probe specific for murine PD-L1 (Mm00452054-m1) and
a housekeeping gene, mGAPDH (Mm99999915-219), were purchased
from Applied Biosystems. The mRNA levels of individual genes were
normalized relative to GAPDH, using the equation A threshold cycle =
Ctlm‘ge! — CtgappH-

Intracellular cytokine staining and cytokine analysis

Cells were stimulated in vitro with 50 ng/ml PMA (Sigma-Aldrich) and 100
ng/ml ionomycin (Sigma-Aldrich) at 37°C for 3 h. Cells were then incu-
bated with GolgiPlug (BD Biosciences) for an additional 2 h. mAbs to PE-
conjugated anti-IL-17A (eBiol7B7) and FITC-conjugated anti-IFN-y
(XMG1.2) were used to assess the cell populations (eBioscience). Total
cells were adjusted to 1 X 10%ml in cultures.

Administration of Abs and Am80

Neutralizing mAbs against mouse PD-1 (RPMI-14), PD-L1 (MIH6), and
PD-L2 (TY25) for in vivo experiments were prepared as described pre-
viously (10, 14, 27). Neutralizing mAbs against mouse PD-1 (RMPI-14)
and PD-L2 (TY25) were kindly provided by Dr. H. Yagita, and a neutral-
izing mAb against mouse PD-L1 (MIH6) was kindly provided by
Dr. M. Azuma. Anti-PD-1, -PD-L1, and —PD-L2 mAbs or control rat 1gG
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(Sigma-Aldrich) 250 pg were administered i.p. on days 14, 16, 19, 21, 24,
and 26 after BMT. Anti-mouse PD-1 agonistic mAb (PIM2) for in vivo
experiments was prepared as described previously, and 200 pg was ad-
ministered i.v. on days 14, 17, 20, 23, and 26 after BMT (28). Recipients
were administered Am&0 (1.0 mg/kg body weight; Nippon Shinyaku) or
vehicle solution orally daily from day 0.

Statistical analyses

Group comparisons of skin chronic GVHD scores and pathology scores
were performed using the Mann—-Whitney U test or Kruskal-Wallis test.
Cell populations, mean weights. and gene expression data were analyzed
by unpaired Student 7 tests. Survival was evaluated using the log-rank test.
All data were analyzed using the GraphPad Prism software (version 5.0).
The p values <0.05 were taken to indicate statistical significance.

Results
Upregulated PD-L] expression in targeted cells declined in the
late posttransplant period

To evaluate the role of the PD-1 pathway in the development of
chronic GVHD, we used a common chronic GVHD model, the MHC-
compatible, murine minor histocompatibility Ag-incompatible
allogeneic BMT model (B10.D2 into BALB/c). Sublethally irradi-
ated (5.8 Gy) BALB/c mice were transplanted with 2 X 10° spleen
T cells and 8 X 10° TCD-BM cells from B10.D2 mice. We used
Ly9.1 as a marker to distinguish B10.D2 donor cells from BALB/c
recipients and confirmed full donor chimerism (>95% donor cells)
of spleens and peripheral lymph nodes (pLNs) on days 14 and 28
(29). Allogeneic recipients showed severe weight loss, increased
clinical chronic GVHD, and obvious histopathologic damage to the
skin and liver (Fig. 1 A-C). Cells isolated from pL.Ns were harvested
and analyzed for cytokine expression as reported previously (29).
On day 28 after BMT, IL-17"IFN-y~ and IL-17"IFN-y* CD4*
T cells from pLNs of allogeneic recipients increased and were
detected more frequently (Fig. 1D). Because of GVHD-induced
lymphopenia, the absolute number of IFN-y*IL-17" CD4" T cells
from pLNs of allogeneic recipients decreased on day 28, whereas
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FIGURE 2. PD-1 expression on donor cells and PD-L1 expression in host tissues during chronic GVHD development. Sublethally irradiated BALB/c
mice were transplanted from allogeneic B10.D2 or syngeneic BALB/c donors. (A) Representative histograms of PD-1 expression on CD4™ T cells from
pLNs of syngeneic and allogeneic groups on day 14 of BMT are shown (left panel). Percentages of PD-17 among CD4* T cells from pLNs and spleen of
syngeneic and allogeneic groups from day O to day 56 after BMT are shown. (B) Percentages of PD-1* among CD8"* T cells from pLNs and spleen of
syngeneic and allogeneic groups from day 0 to day 56 after BMT are shown. (C) Representative images of PD-L1 expression of skin stained with anti~PD-
L1 mAb from day 14 to day 42 after BMT are shown (original magnification X100-200). (D) PD-L1 mRNA from skins of syngeneic and allogeneic
recipients on days 14, 28, 42, and 56 after BMT are shown. The means (= SE) of each group are shown. Data shown are from 1 representative of =3
independent experiments (n = 6-8 in each group). *p < 0.03, ***p < 0.005.
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FIGURE 3. PD-1/PD-L blockade exacerbates chronic GVHD. (A) Sublethally irradiated BALB/c recipients were transplanted with 2 X 10% spleen
T cells and § X 10° TCD-BM cells from WTor PD-1""" B10.D2 donors. Survival data are shown; data shown are from | representative of = 3 independent
experiments (1 = § in each group). (B-F) Sublethally irradiated BALB/c recipients were transplanted from WT B10.D2 donors. Recipients were injected
with anti-PD-1, ~=PD-L [, ~PD-1.2 mAbs or contro] rat IgG (250 pg/mouse) on days 14, 16, 19, 21, 24, and 26 after BMT. Survival (B) and body weight
change (C) and clinical GVHD skin score (D) are shown; data shown are from 1 representative of 23 independent experiments (n = 8 in each group). (E and
F) Skin, liver, and salivary gland {rom recipients were taken on day 36 alter BMT. (E) Representative images are shown (original magnification x100). (F)
Pathology scores of skin, liver, and salivary gland on day 36 after BMT are shown. The means (2= SE) of each group are shown. Data shown are from 1
representative of =3 independent experiments (n = 4-6 in each group). *p < 0.05, ##p < 0.01, **#¥p < 0.005.

the rate of those was consistently high on days 14 and 28. Different
from Th17/Thl cells, CD4* CD25" Foxp3™ Tregs were consistently
detected at lower percentages in allogeneic recipients on days 14
and 28 (Fig. 1E).

We next assessed PD-1 expression on donor T cells in pLNs and
spleen on days 14, 21, 28, 42, and 56 after transplantation. Before
transplantation, donor cells had low expression levels (<<20% of
total cells) of PD-1. On day 14 after transplantation, donor CD4*
and CD8" T cells in the pLNs showed increasing levels of PD-1 in
both syngeneic and allogeneic recipients (Fig. 2A). From day 21
onward, PD-1 expressions on donor CD4" T and CD8™ cells from
syngeneic recipients showed a time-dependent decrease, whereas
CD4* T and CD8* T cells from allogeneic recipients maintained
significantly higher expression levels of PD-1 in the pLNs. PD-1
expressions on CD4" T and CD8" cells in the spleen showed
a similar pattern to those in the pLNs (Fig. 2B).

Previous studies revealed that parenchymal cell expression of
PD-L1 was induced by IFN-v derived from infiltrating T cells, and
IFN-y*IL-17" T cells were detected more frequently in pLNs of
allogeneic recipients on both days 14 and 28 (Fig. 1D) (13, 30,
31). As a next step, we evaluated donor cell inhibitory signal
ligands and PD-L1 expression in host tissues after BMT. PD-L1
expressions on donor T cells from allogeneic recipients showed
slightly higher than those in syngeneic recipients but sequentially
reduced (Supplemental Fig. 1A, 1B). PD-L1 expression on CD11c*
DCs from the allogeneic group was higher, whereas PD-L2
expression on CD11c¢™ DCs was almost identical between syn-

geneic and allogeneic groups (Supplemental Fig. 1C, 1D). Immu-
nohistochemical analyses of skin from allogeneic recipients
showed higher PD-L1 cxpression than in syngeneic recipients
from days 14 to 28, whereas it decreased to bascline on day 42
(Fig. 2C). mRNA levels showed similar results; from days 14 to
28, the skin from allogeneic recipients revealed significantly in-
creased levels of PD-L1 compared with skin from syngeneic
recipients, and a decrcase was observed after day 42 (Fig. 2D).
These results indicate that although expression of PD-1 on donor
T cells from allogencic recipients was continuously upregulated,
PD-L1 expression in host tissues was transiently upregulated and
declined to basal levels in the late posttransplant period when
allogeneic recipients showed significant signs of chronic GVHD.

PD-1/PD-L1I blockade exacerbated chronic GVHD

To analyze the influence of the PD-1 pathway, we used PD-1
mice on a B10.D2 background as a donor and evaluated the
contribution of PD-1 on donor cells to chronic GVHD. PD-17/"
donor induced severe weight loss, and more than half died within
1 wk (Fig. 3A). To avoid early death and to examine the roles of
the PD-1 pathway in chronic GVHD, we used neutralizing mAb
against PD-1, PD-L1, and PD-L2 in allogeneic recipients from day
14 after BMT, immediately before the development of chronic
GVHD. The anti-PD-1 mAb treatment group showed exacerbated
chronic GVHD and poorer survival compared with the control
group (p < 0.01; Fig. 3B). The anti-PD-L1-treated group also
showed severe weight loss and worse clinical GVHD scores than
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