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| mmunotherapy of Hematologic Malignancy

Helen E. Heslop, Freda K. Stevenson, and Jeffrey J. Molldrem

Over the past few years, improved understanding
of the molecular basis of interactions between
antigen presenting cells and effector cells and
advances in informatics have both led to the
identification of many candidate antigens that are
targets for immunotherapy. However, while immu-
notherapy has successfully eradicated relapsed
hematologic malignhancy after allogeneic trans-
plant as well as virally induced tumors, limitations
have been identified in extending immunotherapy
to awider range of hematologic malignancies. This
review provides_an overview of three immuno-
therapy strategies and how they may be improved.

In Section |, Dr. Stevenson reviews the clinical
experience with genetic vaccines delivered
through naked DNA alone or viral vectors, which
are showing promise in clinical trials in lymphoma
and myeloma patients. She describes efforts to
manipulate constructs genetically to enhance
immunogenicity and to add additional elements to
generate a more sustained immune response.

In Section Il, Dr. Molldrem describes clinical
experience with peptide vaccines, with a particular
focus on myeloid tissue-restricted proteins as

|. DNA VAcCCINES

Freda K. Sevenson, DPhil, FRCPath*

GVL target antigens in CML and AML. Proteinase 3
and other azurophil granule proteins may be
particularly good targets for both autologous and
allogeneic T-cell responses. The potency of peptide
vaccines may potentially be increased by geneti-
cally modifying peptides to enhance T-cell receptor
affinity.

Finally, in Section IlIl, Dr. Heslop reviews
clinical experience with adoptive immunotherapy
with T cells. Transferred T cells have clinical
benefit in treating relapsed malignancy post
transplant, and Epstein-Barr virus associated
tumors. However, T cells have been less success-
ful in treating other hematologic malignancies due
to inadequate persistence or expansion of adop-
tively transferred cells and the presence of tumor
evasion mechanisms. An improved understanding
of the interactions of antigen presenting cells with
T cells should optimize efforts to manufacture
effector T cells, while manipulation of lymphocyte
homeostasis in vivo and development of gene
therapy approaches may enhance the persistence
and function of adoptively transferred T cells.

vaccination against infectious diseases is having to turn
from prophylaxis to treatment of already infected indi-
viduals. This is evident from HIV infection and is gain-
ing impetus from threats of bioterrorism with a range

DNA vaccines have now moved from an exotic posséf organisms. The therapeutic setting is closer to the
bility to practical testing in the clinic. This simple stratdield of cancer, where, although certain tumors, such as
egy to deliver selected antigens to the immune systdmpatoméaand cervical cancérare already being pre-

is finding a place both in the prevention or treatment ofented by prior vaccination against the associated virus,

infectious diseases, and in the therapy of cantae

vaccination against most cancers will be as a treatment.

overlap between infection and cancer is becoming clear, The aim of vaccination is to target tumor cells not
with 10%—-20% of cancers, including several hemat@radicated by current protocols, preferably in the set-
logic malignancies, such as Epstein-Barr virus (EBV)ing of minimal disease load. The power of the immune
associated lymphoma and a subset of Hodgkin’s dis-

ease, arising in the context of infectioBacterial in-

fection can also support the development of lymphoitiMolecular Immunology Group, Tenovus Laboratory,
tumors as is seen in the association between infectigftthampton SO16 6YD, UK

with Helicobacter pylori and gastric lymphomaPre-

ventative vaccination could reduce the incidence Q

cknowledgments: This work was supported by the Leu-
emia Research Fund, Tenovus, Cancer Research UK and

these lymphomas. At the same time, the approach e MMRF, USA.
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system is clear from the effectiveness of passive inGene-Based Tumor Vaccines

munity. Monoclonal antibodies, such as anti-CD20, nowene-based vaccines have the advantage of simplicity.
have a place in treatment of B-cell malignanéi®sni- The concept is to take a tumor-associated gene sequence
larly, passive transfer of cellular immunity from allo-and deliver it directly to the patient, so that the gene is
geneic transplant donors can suppress leukemia via reanscribed and translated, with subsequent presenta-
ognition of minor histocompatibility antigedsThe tion of the protein to the immune system in situ. Deliv-
immune system is capable of attack and can maintany is commonly via DNA, either alone or within viral
immune vigilance, features that could be usefully turneat bacterial vectors. However, RNA, either total RNA
against cancer cells. A multiple immune attack on sefrom tumor cells, or specific antigen-encoding mRNA,
eral target antigens should prevent the escape of tuntan also be used, often transfected into dendritic cells
cells by the same principle as combination chemd@bCs) in vitro, for subsequent vaccinatii.he focus
therapy, but without the collateral damage. Vaccinaf this article will be on DNA delivery since this is the
tion needs to activate the appropriate effector mechapproach we have taken and there are more clinical
nism against chosen targets. Gene-based approactiata currently available. An unforeseen benefit of DNA
facilitate rapid testing of vaccine designs, and insedelivery is that the backbone of bacterial DNA has in-
tion of genes encoding additional molecules can artrinsic adjuvant properties, due to the presence of
plify and direct immune outcome. The common groundnmethylated CpG dinucleotides with specific flank-
between microbiology and cancer brings immunologing motifs$3 (Figure 2). These bind to the Toll-like re-
back to its roots with effective vaccine development aseptor 9 (TLR9) on cells of the innate immune system

a shared goal. triggering an inflammatory response with production
of an array of cytokines, including interferon (IFeN)
Tumor Antigens and IFNy. The mechanism of action of CpG has been

The number of potential target tumor antigens is iriavestigated largely by the use synthetic oligonucle-
creasing daily, partly due to gene expression profilingtides® and has revealed clear differences between
and proteomics. Target antigens of hematological matouse and human responses, with TLR9 being ex-
lignancies are expressed in different molecular formpressed by plasmacytoid DCs in humé&ndowever,
with distinct immune effector pathways appropriate foextrapolation from oligonucleotides to the action of CpG
each Figure 1). For example, glycoproteins at the celwithin plasmids is not straightforward, and assessment
surface, such as the surface Ig of B-cell malignariciesf performance of both oligonucleotides and plasmid
or the clonotypic T-cell receptor of T-cell tumdrare DNA in human subjects awaits further clinical testing.
susceptible to antibody attack. However, the vast ma-
jority of potential targets arise from intracellular pro-
teins and are expressed only as peptides

associated with MHC Class | or Class Il

3 . \firal antigens
molecules. The listHigure 1) includes Translocation peptides
novel or mutated peptides, the so-called Mutated proto-oncogene pepides
. . . . . Cancer-testis antigens

cancer-testis antigens with expression lim- Minor histocompatibility antigens
ited to cancer or the testis, overexpressed Class |
autoantigen$ and the expanding category $| MHC-associated
of proteins identified by microarray analy- peptioe Autoantigens:

. Ceil surface hTERT
sis. Attack on these must engage €Cbi8 glycoproteins WTH
CD4" T cells, and for autoantigens, care- Surdvin

Class I

ful assessment of possible consequences | iictypic Ig
of autoimmunity must be made. The third ;1'“_” receptor
. . ucins
category of tumor antigen includes se- Differentiation
creted proteins, with the best studied ex- | @
ample bei'ng the clqnal Ig of multiple my- »
eloma. It is becoming clear that immune Secrated proteins 7 Lo

CD4* T anti-idiotypic cells can attack
MHC Class ”'negatlve myeloma cells via Figure 1.Target tumor antigens of hematological malignancies.

an mdlr_eCt proce§$,and .thIS approaCh IS Target antigens can be expressed in 3 molecular forms: as cell surface glycopro-
now being tested in patients. teins, as peptides associated with the MHC Class | or Class Il molecules, or as
secreted proteins.

Products of genomic instability

Peptides identified by microarray
analysis
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Induction of Immunity by DNA Vaccines Figure 2. Pathways to induction of

immunity following injection of a DNA
vaccine.

DNA vaccine
[] Abbreviations: IFN, interferon; IL, interleukin;

20
2\/ Direct priming TNF, tumor necrosis factor
IFNap
IL-6/12/18 ) /\
IFNy

TNFo DNA

Muscle or skin cell

Cellular response
CD4+ TH1>TH2
CD8+

Antibody response

Naked DNA with additives testec?! Targeting to professional antigen-presenting
DNA vaccines are usually injected into muscle or skinells? or to B cell&® is also being explored, as is target-
(Figure 2), with the latter often employing devices toing to subcellular organelles such as endosomes or ly-
improve efficiency of transfer, such as a gene gun tmsome$*?One problem is that it is not clear how the
deliver DNA coated onto gold particl&sAll arms of DNA plasmid or its encoded protein gains access to
the immune response are activated against the encotleglimmune system. There is evidence that muscle cells
protein, especially CD8cytotoxic T cell (CTL) re- or keratinocytes provide a depot of antigen but that they
sponsesd However, transfection in vivis an inefficient are unable to prime naive T cells direétljransfer of
process, and it appears that the amount of antigen samtigen from depots to professional antigen presenting
thesized is low. This may partially account for the relecells, likely to be DCs, occurs via the mysterious pro-
tively low levels of antibody induced as compared toess of “cross presentatiofi,after which priming of
exogenous protein plus adjuvant. Recent physical stratcells takes place. There may also be some direct trans-
egies to improve transfection rates using electrdection of DCs especially following injection by gene
poratiort® or by formulating DNA on the surface of gun, but this appears very low from the intramuscular
microparticle¥’” may solve this problem. An alterna-route? Protein can be secreted from the depot cells but
tive strategy is to prime the immune response by nak#ds does not generally lead to CTL responses, indicat-
DNA, and then boost with antigen delivered via a virahg that the cross presentation pathway involves other
vector, such as a replication restricted recombinant wisutes, possibly via heat shock protethBecause of
rus!® This generally raises the level of response, andtisis uncertainty, rational design is difficult, and the
being tested against infectious dised8&che disad- empirical approach has value. In this respect, mouse
vantage for cancer is that induction of immunity againshodels are required to establish principles for subse-
the viral proteins may prevent the further boosting reguent clinical testing.

quired to suppress tumor emergence on a long-term Our strategy is to use genes encoding microbial
basis. Alphaviral vectors can be denuded of structurptoteins to activate immunity against attached tumor
proteins and this may reduce vector immunogenicityroteins. This takes advantage of the fact that the im-

sufficiently to allow repeated injectiods. mune system has been developed to fight infection, and
that recognition pathways and the immune repertoire
Modified genes to engage immunity reflect this evolutionary history. The T-cell repertoire

It is relatively easy to introduce genes encoding a rangeparticularly important, since vaccination against can-
of proteins aimed to promote immune recognition, suater is likely to have to overcome tolerance due to per-
as cytokines, chemokines, complement componentsstent cancer antigens. We reasoned that provision of
and costimulatory molecules, and almost all are beiriggh levels of T-cell help against a fused microbial se-
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guence would substitute for the tolerized CD4ells, pression system allows folding of the protein and me-
and activate linked immunity against the attached taliates addition of oligosaccharides to the potential
mor antigeri® We chose a fragment of tetanus toxin aglycoyslation sites which we discovered to have been
a safe but highly immunogenic molecule for this taskntroduced into the variable regions by somatic muta-
However, it is not the only pathogen-derived moleculion.® The positive selection of these motifs strongly
able to act in this capacity. We have found also thatsaiggests that the presence of oligosaccharides in the
plant viral coat protein is able to promote immune rerariable region has a function in maintaining follicular
sponses against attached tumor antigens when deliymphoma in the germinal cent&rProliferative re-

ered via DNA® Since there is no preexisting immu-sponses against Id have been detected in 5/7 respond-
nity in human subjects against this protein, the immuregs, and all patients remain in remission, with 2 pa-

outcome may be different from that using FrC. tients showing resolution of small residual deposits of
lymphoma by computer tomography (CT) scan. Anti-
Fusion genesin action against B-cell lymphoma Id antibodies have not yet been measured, since a mam-

To test the approach of fusion gene vaccination, wealian expression system is required to attach the rel-
selected the idiotypic (Id) immunglobulin (Ig) of B-cellevant oligosaccharides and this is still being established.
malignancies as the initial tumor antig@i®@ne reason The results are preliminary, and will need to be com-
for this is that it is tumor-specific with no possibility ofpared to a parallel trial using a DNA vaccine contain-
inducing autoimmunity. The second is that Id proteiing tumor Id sequence linked to xenogeneic (murine)
vaccines had clearly illustrated that anti-ld immunitonstant regions, with or without co-delivery of GM-
could suppress tumor in mouse moéfesad in patients CSF?® In that study, a majority of patients mounted B
with follicular lymphoma®® DNA vaccines offered a and/or T-cell responses to the murine Ilg component,
simplified strategy for delivering Id antigens encodetvhile one patient had an Id-specific T-cell response and
by the variable region genes, ¥nd V. We assembled several patients had immune responses which were
the V genes in a convenient single chain Fv (scFv) focross-reactive with other patients’ Id proteins. The data
mat and fused it to the Fragment C (FrC) of tetanishowed that DNA vaccination is safe and potentially a
toxin to make DNA scFv-FrC vaccines. In mouse modiseful approach to anti-ld immunotherapy, but there is
els this was highly effective in inducing anti-ld immu-a clear need to improve performance. Whether substi-
nity, which was absolutely dependent on fusion betweeution of the more immunogenic tetanus toxin sequence
the 2 gene¥: for the murine lg is sufficient remains to be evaluated.
A pilot clinical trial of this design in 25 patients Many alternative fusion strategies to promote perfor-
with follicular lymphoma in first or second remissionmance of idiotypic DNA vaccines are showing efficacy
is now nearing completion. The trial is a dose-escala: pre-clinical models, and several are likely to be tested
tion from 500 to 250Qug DNA per injection, with 6 in the clinic®
injections into intramuscular sites over a 12-week pe-
riod. No significant side effects have been observddNA scFv-FrC fusion genes against myeloma
apart from some fatigue, likely due to induction of fFN In some ways, myeloma is a unpromising disease for
All patients had pre-existing immunity against FrC dugaccination since patients tend to be immunosuppressed
to conventional tetanus toxoid vaccination, which weither by disease or by treatment. However, we have
predicted from mouse data would not significantly suprecently assessed responses to conventional vaccines
press the subsequent anti-Id respéh3de FrC com- of patients at > 15 months post autologous stem cell
ponent of the vaccine should therefore induce a memdransplantation. We used tetanus toxoid (TT) as the
response. Patients with low pre-existing antibodies againsiccine, so that we could compare responses to those
FrC showed an increase after vaccination. The accomjr@duced in the trial by the DNA delivered FrC. Encour-
nying T-cell response as measured by proliferation agingly, we found that patients were able to respond to
exposure to FrC was interesting in that pre-existing leV-T by producing antibody and proliferative T cells at
els appeared to fall during the vaccination period, to likis stage, indicating recovery of immune capacity even
followed by expanded responses. This was seen in masth residual tumor detectable (McNicholl et al, un-
patients and is likely to reflect movement of T cells to thpublished data). We were therefore encouraged to test
site of injection. To date, 7/9 evaluated patients have riae ability of the DNA scFv-FrC to induce immunity in
sponded to FrC, with the 2 failures being patients whaatients. So far we have vaccinated a single patient with
had splenic involvement with lymphoma at presentatioNA scFv-FrC and the results are quite remarkable.
Responses to Id are being evaluated using recoliVe observed induction of high levels of +Nroduc-
binant scFv protein expressed in yeast cells. This exig T cells specific for Id protein purified from the
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patient’s serum, with no significant response againsbmenon, with a high degree of focusing on a limited
the control Id protein. Not only were these cells innumber of epitope%. The mechanism of immuno-
duced in the presence of a low level of residual pardeminance is still argued, but may involve killing of
protein but they appear to persist for ~30 weeks aftantigen-presenting cells by CTL induced by the most
the last vaccination. Induction of Ifghbroducing T cells efficient peptides, before the less efficient can induce a
recognizing the FrC of TT were also observed togethezsponse. With these data, it is clearly important that
with an increase in the serum antibody against FrC. Thgenes added to the vaccine to increase performance do
effect on disease is difficult to assess, but the paraprwt generate competitive peptides, which would sup-
tein has shown a slow decline since vaccination amless responses to tumor-derived peptides. We there-
the patient remains well. Obviously these results afere engineered a minimized domain of FrC devoid of
preliminary but they do encourage extension of the aMHC Class I-binding motifs for mice or humans as the
proach to more patients in this setting. microbial activating sequence. In order to increase pre-
A second, less common setting for myeloma is thaentation of epitopes from tumor cells, we placed the
of allogeneic transplantation. The strategy would thegpitope-encoding sequence at the 3" end of the FrC
be to vaccinate the donor of the transplant with thdomain.
DNAscFv-FrC derived from the patient’s tumor V-gene  The epitope-specific DNA vaccine is illustrated in
sequences, and then transfer immunity to the patidrigure 3. It has been shown to induce high levels of CTL
during donor lymphocyte infusion. This has the advaragainst a wide range of epitopes from mouse tufhtrs,
tage of mobilizing a healthy immune response with nand these specific CTL are capable of eliminating tumor
tolerance anticipated. So far, we have vaccinated 1 dmells even in a therapeutic settiigo move to clinical
nor and have generated proliferative T-cell responsapplication, we have used the HLA-A*0201 transgenic
against FrC and Id Ig, which have been transferred toouse and have demonstrated induction of CTL against

the recipient patient. peptides from viruses, tumors, and minor histocompat-
ibility antigens. For clinical testing we have chosen to
DNA fusion genes to activate cytotoxic T cells place an immunodominant peptide sequelecived from

Successful induction of high avidity cytotoxic T cellscytomegalovirus (CMV) into the vaccine. The peptide
(CTL) able to kill tumor cells is a goal of
many DNA vaccine designs. Linkage of

Fas® or mutant caspas@sas been in- Engineering of DNA vaccine design to induce CD8+ CTL

vestigated as a means of increasin QP

apoptosis and therefore antigen presel X

tation with some success. Ubiquitin ha [\ Anti-tumor responses

A

been used to promote intracellular deg
. . . . ,/"'ﬂ_ﬂ_\qﬁ_‘“\‘
radation of encoded proteins, with vari- ~~ Surface ™

able effects on outconfe Conjugation | °rsecreted Dom 2 Antibody

: - tumor antigen CD4+ T cells
with heat shock protein sequences to pr¢ w
vide enodogenous “danger” sigrfalsas
also been explored. In the case of the E /
antlgen Of_papllloma V'IrUS, HSP?O Of ‘Universal' Competitive CTL-inducing motifs
Mycobacteria tuberculosis was able to T, epitopes (H2* and HLA-A2)

amplify the CTL responsg.

Our strategy has again been to mc
bilize CD4 T-cell help by fusing a mi-
crobial sequence to the tumor antiger
However, there is a trap here which re
lates to the phenomenon of
immunodominance in CTL responses igure 3. Modified DNA fusion vaccine to induce CD8* T-cell responses.

which has been described in mouse mod- , i _ _
The full-length FrC promotional sequence consists of 2 protein domains (Dom),

43 S
els® The rgcent ava'lab'“ty of MHC Dom 1 and Dom 2. This is able to amplify antibody and CD4* T-cell responses
Class | peptide-loaded tetramers able tagainst fused tumor antigen. To induce CD8* T cells, Dom 2, which contains
bind to specific T-cell receptors is revea|Potentially competitive MHC Class I-binding epitopes, was removed, and the

. . . andidate tumor peptide coding sequence was fused to the 3" end of Dom 1. This
!ng that CTL r_eSponseS agal_ns.t viruse ngineered construct is able to induce epitope-specific CTL against a range of

in human subjects show a similar phetumor epitopes.

CTL

Tumor-derived peptide sequence
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is derived from pp65 of CM¥ and the DNA vaccine testing of efficacy. We believe that the incorporation of
is capable of inducing specific CTL in the transgenimolecules able to activate high levels of T-cell help will
mouse model. The danger of CMV infection or reactievercome weak immunogenicity and tolerance. There
vation in immunosuppressed patienthigh in the set- will not be a “one fits all” vaccine, and the search for a
ting of allogeneic transplantation, especially when theniversal tumor antigen may only reveal molecules
donor may have no immunity against the virus. Ideallggainst which immunity could become dangerous. It is
the donor should be vaccinated to protect the recipientore likely that vaccines will be either individual or
but there is no vaccine currently available. We are theraimed at small groups of patients. There will be anti-
fore testing our epitope-specific DNA vaccine for its abilgens, such as cancer testis antigens, common to hema-
ity to raise tetramer-positive CTL in donors prior to allotological malignancies and to other cancers. Vaccine
geneic transplantation. This pilot trial, necessarily redesigns will be applicable to cancer and infection. These
stricted to HLA-A*0201 donors, has just begun. common goals will bring together scientists and clini-
While the trial with the DNA fusion vaccine con-cians to accelerate the further development of vaccina-
taining a CMV-derived epitope may have immediatdon which has been such a success in the field of pub-
clinical benefit, it will also allow general insight into lic health.
the performance of an epitope-specific design. This will

have relevance for using tumor epitopes similarly to I1. PEPTIDE VACCINES
induce CD8 T-cell attack. The eventual intention will
be to combine DNA fusion vaccines to engage a wide Jeffrey J. Molldrem, MD*

range of immune effector pathways against multiple

antigens expressed in different molecular forms by td-he most compelling evidence that lymphocytes medi-
mor cells. Not only will this raise the level of attacktate an antitumor effect comes from studies where al-
but it will also prevent the notorious escape mechanisrtgeneic donor lymphocyte infusions (DLI) have been

which tumor cells commonly employ. used to treat relapses of myeloid leukemia after alloge-
neic bone marrow transplantation (BM™)Lympho-
Concluding Remarks cyte transfusion from the original bone marrow (BM)

Novel approaches to treatment often move from wildonor induces both hematological and cytogenetic re-
enthusiasm through pessimistic cynicism to eventugponses in approximately 70% to 80% of patients with
useful application. Mobilizing the immune systenchronic myelogenous leukemia (CML) in chronic phase
against cancer has certainly gone through these stag€r)* A complete cytogenetic response is usually ob-
and it is encouraging to see that the strategies of pasined between 1 and 4 months after Bahd approxi-
sive immunity, such as anti-CD20 MoAb, or graft-vermately 80% of responders will achieve reverse tran-
sus-leukemia (GVL) via allogeneic transplantation, arscriptase-polymerase chain reaction (RT-PCR) negativ-
now in clinical practice. Active vaccination has the disity for the bcr-abl translocation (the fusion product of
advantage of requiring a residual immune capacity the t(9;22) translocation found in CML) within a mean
the patient, but the advantage of continuous immumé 6 months. Acute myelogenous leukemia (AML) is
vigilance once established. Genetics is providing thelso susceptible to the graft-versus-leukemia (GVL)
tools for designing vaccines to incorporate chosen teffect, with 15% to 40% of patients obtaining remis-
mor antigens with additional molecules to promote argslon with DLI alon€. While significant graft-versus-
direct immune outcome. Testing in mouse models wilost disease (GVHD) occurs in 50% of patients treated
support the principles, but it is desirable to move quicklyith DLI, and disease response occurs in 90% of CML
into clinical trials to put principles into practice. Fortu-patients, 55% of patients who do not experience GVHD
nately, immune monitoring techniques are improvinglso have disease respofaddhis demonstrates that
dramatically with currently available tetramer technolGVL is separable from GVHD in some patients, and
ogy and cytokine measurements. Immune responsssseral potential antigens that drive the donor’s lym-
against specific antigens should precede assessmenplobcyte response preferentially against the leukemia
clinical effects and allow modification of early ap-have been identified. There is also evidence of an au-
proaches. The place of vaccination is likely to be in th®logous immune response against both CML and AML,
setting of minimal residual disease so it is important to

have measures of immune capacity following the varj-_ . i
ous chemotherapeutic or MoAb treatment strategies f pection of Transplantation Immunology, Department of
p g Blood and Marrow Transplantation, University of Texas MD

hematological ma_lignancies. Gene-ba.sed Y?CCi_neS Alftlerson Cancer Center, 1515 Holcombe Boulevard, Box
clearly able to bridge tumor antigen identification ta48, Houston TX 77030
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directed against some of the same antigens. Remissi Figure 4.Two signals
after DLI for AML are generally not as durable as thos are required for T cell

obtained in chronic phase CML, which may reflect th Cytotoxic | activation.

rapid kinetics of tumor growth outpacing the kinetic: T-Cell ;gg;na‘i,*;?ﬁff;;i‘;‘gh
of the developing immune response as well as a pote and are triggered to
tially less immunogenic target cell. However, if more 1 el receptor cppg Perform effector

function, such as
lysing target cells,
after receiving two

antigens could be determined, and if large numbers

antigen-specific CTLs could be elicited vis & vis vacci Peptide -

nation strategies, it would allow for development of leu MHC-I/g,M —, CD80 srilgnalsHThhe Tfirst"is
; i ; throughthe T ce
kemia-specific therapies. o receptor (TCR) and
To understand the nature of vaccine-induced T-ce the second is through
immunity, we will first review some of the principles co-stimulatory
of antigen recognition and highlight a recent discover | Target Cell receptors such as

CD28.
that has aided our ability to study T-cell interactions

T cells recognize peptide antigens that are present
the cell surface in combination with major histocom-
patibility complex (MHC) antigens. Peptides derived
from cytoplasmic proteins that are 8 to 11 amino acidscell responses has been greatly improved by the dis-
in length bind in the groove of class | MHC moleculesovery that antigen-specific TCR can be reversibly la-
and are transported via the endoplasmic reticulum bzled with soluble peptide/MHC tetramérBeptide
the cell surface. Larger peptides, typically 12 to 1&ntigen,3,-microglobulin and the MHC-I heavy chain
amino acids in length, that are derived from the prare folded together and, via a biotinylation signal se-
cessing of extracellular proteins, bind class Il MHQuence at the C-terminus of the MHC-I heavy chain,
molecules and are presented to T cells on the cell sare linked covalently to streptavidin in a 4:1 molecular
face. Both peptide/MHC-I and peptide/MHC-II areratio. When the streptavidin molecule is linked to a fluo-
recognized by the heterodimeric T cell receptor (TCREscent dye such as phycoerythrin, the resulting pep-
on CD8 or CD4 T lymphocytes, respectively, with weakide/MHC tetramers can be used to identify antigen-
affinity and rapid off ratesHigure 4). Points of con- specific T cells by FACS analysis because of their higher
tact between the TCR and the peptide/MHC surfadsnding avidity to the cognate TCRifure 5). Using
include surface amino acids contributed by the 2 alphatramers, it has been determined that up to 45% of all
helical domains of the MHC molecule that flank theperipheral circulating T cells may be specific for a single
peptide antigen binding pocket as well as amino acid®minant antigen at the height of an immune response
from the peptide itself. to EBV infectiorf and similar dominance may be seen
Our understanding of the nature of antigen-specifiguring other viral infection®:** Tetramers have also

)

T
D
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o
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(

103
Rt

HLA heavy chain

102
aaanul

10!

100

PR1/HLA-A2 Tetramer

100 10!
CDS8 (FITC)

Streptavidin-fluorochrome conjugate

Figure 5. Antigen-specific T lymphocytes can be enumerated by peptide/MHC tetramers.

By linking four peptide/MHC monomers to a fluorochrome-conjugated streptavidin molecule, so-called peptide/MHC tetramers canb e
used to label T lymphocytes that have T cell receptors (TCR) that are specific for the given peptide/MHC combination ligand. The spatial
configuration of the tetramers allows for the required increase in binding avidity to stain the cells for analysis by flow cytometry. Sensitivity
of this technique is often in the range of 0.01% to 0.1% of all CD8 cells.
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been used to study immune responses to tumor antising this method, peptides are synthesized based upon
genst? and they have also aided in their discovéry. an “educated guess” strategy about which proteins are
potential target antigens for a selective antileukemia
Potential Target Antigens CTL response. The proteins are then examined for short
Various methods have been used to determine the peptides that fit the binding motif of the most common
ture of the target antigens involved in leukemia immu-LA alleles. These peptides are then synthesized, HLA
nity. For instance, tissue-restricted minor histocompalinding is confirmed, and peptide-specific CTL re-
ibility antigens (mHA) that are derived from proteinssponses are elicited in vitro. Since BCR-ABL is present
expressed only in hematopoietic tissue have been shoiwmearly all Philadelphia chromosome-positive CML
to be the targets of alloreactive T cé#$ These mHA patients, it is thought to represent a potentially unique
often result from polymorphic differences betweemeukemia antigen. The ABL coding sequences upstream
donors and recipients in the coding regions of peptidd”) of exon Il on chromosome 9 are translocated to
antigens that bind within the groove of MHC moleculeshromosome 22 and fused in-frame with the BCR gene
and are recognized by donor T cells. Recently, howtownstream (3”) of exon Ill, resulting in the most com-
ever, a newly described mHA was found to result fro)mon chimeric mMRNA transcript (b3a2), which is trans-
differential expression in donors and recipients due tated into a chimeric protein (p220-48L). Translation
gene deletio’! Heterologous T-cell clones that dem-of b3a2 mRNA results in the coding of a unique amino
onstrate alloreactivity toward mHA have been estalacid (lysine) within the fusion region. Some HLA-A2,
lished from patients with severe GVHD following BMT-A3, -A22, and B8-restricted overlapping peptides in-
with an HLA-matched dondf:?2 Some of these mHA- clusive of this lysine could bind to their respective HLA
specific CTL clones react only with hematopoietic-dealleles and could be used to elicit T-cell proliferative
rived cells, suggesting tissue specifiéityand there- responses when the peptide was either pulsed onto
fore potentially shared antigens on leukemia. In 1 studgLA-matched normal antigen presenting cells or onto
GVHD correlated closely with differences in the mi-HLA-B8 positive CML cells®>?” However, when the
nor antigen HA-1 in HLA identical sibling transpladts. b3a2 peptides were used to elicit b3a2-specific T lym-
Expression of 2 human mHAs, identified as HA-1 anghocyte lines in vitro, the resulting T cells could not
HA-2, is confined to hematopoietic tissues, and HA-8pecifically lyse fresh CML cells which had not previ-
was identified as a peptide derived from theusly been pulsed with the peptfddhis could be due
nonfilament-forming class | myosin family by usingto a low affinity of the peptide-specific CTL or the pep-
mHA-reactive CTL clones to screen peptide fractionide may not be processed or presented on CML cells.
eluted from MHC class | molecul&While this meth- More recently, however, b3a2-specific CTL were iden-
odology has successfully defined the first CTL alloartified in the peripheral blood of chronic phase CML
tigens, it is labor intensive and it is unclear whethgratients using soluble b3a2 peptide/MHC tetrarffers.
CTL specific for any minor antigens identified thus faAlthough the tetramer-positive CTL from the patients
convey only leukemia-specific immunity without con-were not examined for their ability to kill autologous
comitant GVHD. Immunization of leukemia patientsCML target cells, b3a2-specific CTL elicited in vitro
after allogeneic stem cell transplant (vaccination bffom healthy donors were able to kill CML cells. This
proxy) with mHA may promote GVL and reducesuggests that bcr-abl fusion peptides may also be tar-
GVHD if appropriate hematopoietic-restricted mHAgets of CTL immunity.
could be targeted (such as HA-1 or HA-2). In arecent To adapt what has been learned about immunity
report of 3 CML patients that received DLI after reagainst solid tumor antigens to the study of myeloid
lapse, however, GVHD occurred in each patient cofeukemia antigens, we studied myeloid-restricted pro-
comitant to a rise in HA-1 or HA-2-specific CTL andteins that are highly expressed in the leukemia relative
cytogenetic remission, albeit grade 2 or Fé$%erhaps to normal hematopoietic progenitors. Myeloid leuke-
more importantly, a practical limit of immunotherapymias express a number of differentiation antigens as-
targeting these mHAs is that only 10% of individualsociated with granule formation. An example of an
would be expected to have the relevant HA-1 alternaéderrantly expressed tumor antigen in human leukemia
allele, and < 1% would have the HA-2 alternate allelés proteinase 3 (Pr3), a 26-kDa neutral serine protease
which makes donor availability quite limiting. that is stored in primary azurophil granules and is maxi-
An alternative immunological method to determineanally expressed at the promyelocyte stage of myeloid
leukemia-specific CTL epitopes has been applied alifferentiation?*3! Pr3 and 2 other azurophil granule
determine whether BCR-ABL fusion region peptideproteins, neutrophil elastase and azurocidin, are coor-
could be used to elicit CML-specific T-cell responseddinately regulated and the transcription factors PU.1
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and C/EBIe, which are responsible for normal myeloidThese PR1-specific CTL show preferential cytotoxic-
differentiation from stem cells to monocytes or granuty toward allogeneic HLA-A2.1 myeloid leukemia
locytes, are important in mediating their expreséion.cells over HLA-identical normal donor marrdfvin
These transcription factors have been implicated in leaddition, PR1-specific CTL inhibit colony-forming unit
kemogenesi® and Pr3 itself may also be important ingranulocyte-macrophage (CFU-GM) from the marrow
maintaining a leukemia phenotype since Pr3 antisengsECML patients, but not CFU-GM from normal HLA-
oligonucleotides halt cell division and induce maturamatched donor®, suggesting that leukemia progeni-
tion of the HL-60 promyelocytic leukemia cell liffe. tors are also targeted.
We have also studied another myeloid-restricted pro- Using PR1/HLA-A2 tetramers to detect CTL spe-
tein, myeloperoxidase (MPO), a heme protein syntheific for PR1 (PR1-CTL), we found a significant corre-
sized during very early myeloid differentiation thatlation with cytogenetic remission after treatment with
constitutes the major component of neutrophil azurdF-N-a and the presence of PR1-CTLSomewhat sur-
philic granules. Produced as a single chain precurserjsingly, PR1-CTL were also identified in the periph-
myeloperoxidase is subsequently cleaved into a ligbtal blood of some allogeneic transplant recipients who
and heavy chain. The mature myeloperoxidase enzyraehieved molecular remission and who had converted
is composed of 2 light chains and 2 heavy ciiathat to 100% donor chimerism. PR1/HLA-A2 tetramer-
produce hypohalous acids central to the microbicidabrted allogeneic CTL from patients in remission were
activity of netrophils. Importantly, MPO and Pr3 areable to kill CML cells but not normal bone marrow cells
both overexpressed in a variety of myeloid leukemi@m 4-hour cytotoxicity assays, thus demonstrating that
cells including 75% of CML patients, approximatelythe PR1 self-antigen is also recognized by allogeneic
50% of acute myeloid leukemia patients, and approxGTL.:2 These studies have established PR1 as a human
mately 30% of myelodysplastic syndrome patiéhts. leukemia-associated antigen and they established that
What may be critical for our ability to identify T- PR1-specific CTL contribute to the elimination of
cell antigens in these proteins is the observation thaiL.*®
Pr3 is the target of autoimmune attack in Wegener's Recently, we found another peptide, referred to as
granulomatosi® and MPO is a target antigen in pa-MY4, a 9 amino acid peptide derived from MPO that
tients with small vessel vasculifis®2° There is evi- binds to HLA-A2.1 and can be used to elicit CTL from
dence for both T-cell and humoral immunity in patientsiLA-A2.1* normal donors in vitr¢” MY4-specific
with these diseases. Wegener’s granulomatosis is as€d-L shows preferential cytotoxicity toward allogeneic
ciated with production otytoplasmic antineutrophil HLA-A2.1* myeloid leukemia cells over HLA-identi-
cytoplasmic antibodies (CANCA) with specificity for cal normal donor marrot. MY4-specific CTL also
Pr3;/°while microscopic polyangiitis and Churg-Straus#nhibit colony-forming units granulocyte-macrophage
syndrome are associated with the productiopeof- (CFU-GM) from the marrow of CML patients, but not
nuclear ANCA (pANCA) antibodies with specificity CFU-GM from normal HLA-matched donors. Like
for MPOM42 T cells taken from affected individuals PR1, MY4 is therefore a peptide antigen that can elicit
proliferate in response to crude extracts from neutréeukemia-specific CTL.
phil granules and to the purified proteffi$>* These Several other HLA-restricted epitopes have been
findings suggest that T-cell responses against these pigentified as potentially relevant leukemia-associated
teins might be relatively easy to elicit in vitro using antigens. The Wilm’s tumor antigen-1 (WT1) has
deductive strategy to identify HLA-restricted peptideemerged as a very potent immunogen containing mul-
epitopes. Based on this hypothesis, we identified PRtiple unique HLA-restricted epitopés32and it may also
an HLA-A2.1-restricted nonamer derived from Pr3, abe a marker of minimal residual disease since it is
a leukemia-associated antig&tt“® by first searching aberrantly expressed in both myeloid and lymphoid
the length of the protein using the HLA-A2.1 bindingacute leukemi&® Various surface molecules on leu-
motif, the most prevalent HLA allele. Peptides predicteklemia cells, such as CD45, present on all hematopoi-
to have high-affinity binding to HLA-A2.1 were syn- etic cells, and CD33 and CD19 on myeloid and lym-
thesized, confirmed to bind, and then used to elicit pephoid cells, respectively, have also been studied by de-
tide-specific cytotoxic T lymphocytes (CTL) in vitro ductive means to uncover potentially immunogenic
from healthy donor lymphocytes. epitopestS8While some HLA-restricted epitopes have
We have found that PR1 can be used to elicit CTheen identified, it is unclear if any of these are leuke-
from HLA-A2.1* normal donors in vitro, and that mia-associated antigens. The method of serologic
T cell immunity to PR1 is present in healthy donorscreening of cDNA expression libraries with autolo-
and in many patients with CML that are in remissiorgous serum (SEREX) has also been used to identify

Hematology 2003 339

20z dunr 60 uo 1sanb Aq ypd-esye LE€/8BIE L L L/LEE/L/IE00Z/PA-BlonIE/ABOjOJRWAYABU SUOHedlqndyse//:diy woly papeojumoq



MAGE-1 and to confirm WT1 as potential leukemia-  Although results from both the HSP70 and the bcr-
associated antigens, although there may be some cab} vaccine studies are important because they demon-
troversy as to whether the MAGE proteins are expresssetiate that the vaccines can induce immune responses
in leukemia blast® in CML patients and clinical responses are possible,
In addition to these tissue-restricted epitopes imue cause and effect has not been established since
myeloid leukemias, other potential antigens that miglpiatients in both studies concomitantly received other
be useful as target antigens in vaccine therapies inclutherapies. It is therefore not possible to determine with
the idiotypes associated with lymphoid malignanciegertainty whether the vaccines contributed to the cyto-
such as immunoglobulin idiotypes and the CDR3 vargenetic or molecular responses. For instance, major
able region associated with the TCR. Furthermore, aoytogenetic remissions after imatinib treatment continue
tigens that are aberrantly expressed in most tumors suotbe observed in more than 30% of patients beyond 6
as telomerase and CYP1B1 contain epitopes that am®nths of therapy, and small fluctuations in the per-
recognized by CTL in vitro, which preferentially kill centage of Phcells may be seen throughout treatment.
tumor cells, but not normal cells. Other potential tar- Clinical studies are also being conducted in Ger-
gets include antigens from virus-induced hematologmany and Japan using WT-1 (Wilms tumor) peptides
cal malignancies, such as the EBV antigens, which aspecific for the HLA-A2 and —A24 alleles as vaccines,

discussed elsewhere. although results have not yet been reported. In addi-
tion, peptides derived from the hTERT telomerase pro-
Clinical Trials tein, which is widely overexpressed in leukemia, he-

Aside from those peptides derived from the idiotypesmatopoietic progenitors, and most solid tumors, are also
of lymphoid malignancies, peptides derived from then phase I/ll trials at the University of Pennsylvania
bcr-abl fusion transcript have undergone perhaps thad elsewhere. Preliminary results from many of these
most extensive clinical testing. The results of a prevstudies should be available within the next year.
ous phase | trial in CML patients showed that although The PR1 peptide is also undergoing Phase I/11 study,
a combination of fusion region-derived peptides waand the single peptide epitope is combined with incom-
safe when administered subcutaneously, and immupkete Freund’s adjuvant and GM-CSF and administered
responses could also be measured by ELISPOT aftarery 3 weeks for a total of 3 total vaccinations. Pa-
vaccination, meaningful clinical responses were ndients with AML, CML and MDS are eligible, and the
observed. More recently, the same group at Memorifist 15 patients are fully evaluable. To judge whether a
Sloan-Kettering Cancer Center reported on 14 patiertdbnical response was due to the vaccine, eligible pa-
in a phase Il study that were given 5 injections of Bents were required to have progression, relapse, or
peptides over 10 weeks. A decrease in the percent&ye CR (AML patients only) prior to vaccination. Im-
of Ph+ cells was noted in 4 patients in previous hematune responses, measured using PR1/HLA-A2 tetram-
tological remission; 3 were also receiving interferorgrs, were noted in 8 of the patients and clinical responses
and 1 was receiving imatinib mesyl&tdransient PCR were noted in 5 of those patients. Notably, the TCR
negativity was also noted in a few additional patientsidity of the vaccine-induced PR1-specific CTL was
although these patients had received prior allogenditgher in the clinical responders than in the non-
transplant, and donor lymphocyte infusions. responders, and durable molecular remissions were
Because heat shock protein 70 (HSP70) is assonbted in 2 refractory AML patients that were followed
ated with antigenic peptides and is involved in chapefer 8 months to nearly 3 years.
oning these peptides in the MHC-| antigen processing
pathway, autologous cellular extracts containin@onclusion
HSP70-peptide complexes have been studied as a vicsummary, we are beginning to learn more about the
cine in chronic phase CML patients. At the Universityature of the antigens targeted by T cells that mediate
of Connecticut, HSP-70-peptide complexes purifiedutologous antileukemia immunity and those that are
from leukapheresis products were administered to CMbe targets of the GVL effect. Some self-antigens might
patients that that had not yet achieved a major cytogaeso be the targets of alloreactive CTL, as we have
netic response after 6 months of imatinib mesylate treahown for PR1. If more antigens were identified, logi-
ment. Of the first 5 patients that completed all 8 weeklgal immunotherapy strategies such as vaccines or adop-
subcutaneous injections, major cytogenetic respondgiag cellular therapies could be tested in patients. How-
were noted in all 5, and only mild cutaneous reactiorever, obstacles to this approach remain. We must iden-
were seefit Importantly, ELISPOT responses to theify which of the hematopoietic tissue-restricted pep-
vaccine preparation were also noted in some patientides are recognized by T cells and we must improve
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our understanding of the nature of peripheral T-cell tobf antigen presenting cell, which determines if there is
erance so that we might break immune tolerance &ffector and memory T-cell generation or development
certain peptide determinants without causing potentialtyf T-cell tolerancé.

destructive autoimmunity. In the future, allogeneic stem

cell transplantation is likely to evolve as a platform fofrargets for |mmunother apy

delivering antigen-specific adoptive cellular therapieb recent years, several groups have identified a num-
and for post-transplant vaccination strategies wheler of novel immunogenic tumor proteins by screening
donor CTL are elicited in the recipient. Both autolotumor-derived expression libraries or tumor cells using
gous and allogeneic transplant may reset T-cell homeautologous seraThe identification of these antigens,
stasis and allow a more complete T-cell repertoire ttnd the mapping of specific epitopes recognized by
emerge postgrafting that could be further expanded €€b4" and CD8T cells, has facilitated the development
lectively against tumor antigens by vaccinatiorf strategies designed to augment tumor antigen-spe-
posttransplant, as in a vaccination by proxy therapy aific T-cell responses.

the case of allogeneic transplantation. Potential antigens for targeting on leukemia cells
fall into several major categorigSigure 1). First, many
[11. T-CeLL MEDIATED THERAPIES malignancies are associated with viruses, which will
present unigue epitopes. Epstein-Barr virus is associ-
Helen E. Heslop, MD* ated with lymphoma in immunodeficient patients as well

as with a subset of Hodgkin’s disease and non-Hodg-
The concept of using cellular immunotherapy has a lorkgn’s lymphoma. Simian virus 40 has recently been re-
history of success in animal models where a number jpérted to be significantly associated with some types
studies have convincingly shown that T lymphocytesf non-Hodgkin lymphoméAnother category of tar-
recognize and kill malignant cells. However, until regets is differentiation antigens that are selectively ex-
cently this success has not translated to human cellufgessed in tumor cells such as Proteinase 3 (PR-3),
immunotherapy. In the past few years, improved knowWhich is a serine protease overexpressed in CML and
edge of the molecular basis of antigen presentation aAML progenitors and WT-1, which is expressed at
T-cell recognition of antigen has made it clear that maryigherlevel in leukemia than in normal hematopoietic
tumors possess antigens that could be targets for acglls® Cancer—testis antigens (CTAs), represented by
vated T cells. While effector mechanisms of the improteins with restricted expression among tumor cells
mune system can be extremely potent after hemop@aird germinal tissues including the family of MAGE
etic stem cell transplantation where small numbers genes (MAGE-1 to 10), BAGE, GAGE, SSX-1 to 9,
donor leukocytes can render remissions in relapsadd NY-ESO-P, are also overexpressed in some he-
CML! or eradicate EBV-LPDBcancer immunotherapy matologic malignancies.
has been associated with clinical response in only alim- In the setting of allogeneic BMT, alloantigens that
ited number of patients. If a tumor is to be a target fatiffer between donor and recipient are targets for T-
CTL, several conditions must be met. First, the tumaell recognition. Differences in MHC molecules afford
must contain unique proteins capable of providingotential targets for recognition when BMT is under-
epitopes for specific immune responses. The tumor celiZken with a mismatched family member or a serologi-
must also express MHC antigens, present relevant peadly matched unrelated donor. Even when MHC anti-
tides frequently enough and for sufficient durations tgens are identical, minor histocompatibility antigens,
engage responder T cells, and express costimulatoviich are naturally processed peptides derived from
molecules such as CD28 to induce T-cell activatiomormal cellular proteins, may evoke a strong MHC-re-
The T-cell response is therefore influenced by the tymdricted response when different polymorphisms are
present in donor and recipient. In most cases nucle-
otide polymorphisms in the respective genes are respon-
* Baylor College of Medicine, Center for Cell and Gene sible for immunogenicity, although a recent report de-
Therapy, 6621 Fannin St., MC 3-3320, Houston TX 77030- tails one antigen that is immunogenic because of dif-
2303 ferential expression of the protein in donor and recipi-

) ent cells as a consequence of a homozygous gene dele-
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PO1 CA94237, CAG1384, the GCRC at Baylor College of 10N~ Several minor histocompatibility antigens have
Medicine (RR00188), a Specialized Center of Research been identified, including the HA2 antigen, which en-
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protein selectively expressed in male cells. Polymostem cell transplantation (HSCT) has provided an ef-
phisms of the adhesion molecule CD31 are also a téective means of augmenting the graft-versus-leukemia
get for allorecognition, and the risk of GVHD is in-response to eliminate residual disease and for the treat-
creased when donor and recipient have different varient of EBV-associated lymphoproliferative diseases
ants!? In all of these cases, alloreactivity results iroccurring after HSCT. However, DLI are associated
GVHD as well as graft-versus-leukemia reactionswith a high risk of GVHD® To overcome the problem
However, the pattern of tissue expression of minor anf GVHD, investigators have evaluated specific sub-
tigens varies, and those selectively expressed on s&ts such as CD4-selected céllgy CD8-depleted
mopoietic cells or on particular lineages would provideells!* or functionally defined subsets such as Th2
specific targets for recognition. In the pretransplargells!® Another concern with DLI is that while most
setting, CTL specific for a hemopoietic antigen mayatients with recurrent CML after HSCT achieve a com-
also provide antileukemic activity. For example, allopleteremission, a smaller number of patients with re-
restricted CTL specific for CD45-derived peptides infapsed acute leukemia respdnthe validity of many
duce potent activity against leukemic progenitérs.of the potential target antigens discussed in the last sec-
Perhaps the most attractive target would be an antigiéon has been confirmed by studies in patients with he-
that was specific to the tumor cells and crucial for itmatologic malignancies, in whom an increase in PR1-
function. Candiate proteins include tumor-specific prospecific cells has been shown in patients with CML re-
teins resultingrom chromosome translocations, suctsponding after BMTand an increase in HAL1- or HA2-

as bcr/abl or proteins overexpressed in tumor cells suspecific T cells has been shown in patients responding
as telomerase. to DLI.*

Clinical Experience with Cellular Immunotherapy  Polyclonal T cells activated ex vivo
A variety of cell types and ex vivo manipulations hav®ne solution to the problem of the alloreactivity of
been used in clinical studies of adoptive immunotherapyhnmanipulated T cells is to transduce the transferred

(Table 1). cells with a suicide gene, so they can be ablated if ad-
verse events occur. The suicide gene that has been used
Use of unmanipulated allogeneic donor T cells most frequently is the herpes simplex virus 1-thymi-

Immunotherapy with T cells has been most successfiine kinase (HS-tk) gene, which renders transduced
in stem cell transplantation recipients, for whom theells sensitive to ganciclovir. This strategy has been used
normal marrow donors have been used as the sourcarokeveral clinical trials and has not been associated
T cells. Adoptive immunotherapy with donor lympho-with any acute toxicity. Although alloreactive T cells
cyte infusions (DLI) after allogeneic hematopoietiappear to be sensitive to ganciclovir, a number of limi-

Table 1. Clinical studies of adoptive T-cell therapies.

Type of T Cell Clinical Application
Unmanipulated donor T cells Relapse of hematologic malignancy posttransplantation®
T-cell subsets CD4-selected!3 or CD8-depleted!4 cells

TH2 and TC2 cells1®

T cells nonspecifically activated ex vivo Donor T cells briefly activated ex vivo and transduced with a suicide gene to treat relapse of
hematologic malignancy posttransplantationl6: 17

T cells activated ex vivo with CD3 and CD2818
Expanded cytokine-induced killer (CIK) or CD8+ NK-T cells1®
Allodepleted T cells Postallogeneic transplant to reduce risk of relapse20:21

Antigen-specific CTL EBV-specific CTL for prophylaxis and treatment of EBV lymphoma post-BMT2:22.23 or solid
organ transplantation?4:-25

LMP1- or 2-specific CTL for Hodgkin's disease?6

Leukemia-specific CTL postleukemia relapse??

Minor antigen-specific CTL postleukemia relapse?8
Chimeric receptor transduced T cell CD20 chimeric receptor transduced T cells for NHL29

Abbreviations: NK, natural killer; CTL, cytotoxic T lymphocyte; EBV, Epstein-Barr virus; BMT, bone marrow transplantation; NHL, non-
Hodgkin's lymphoma
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tations have been identified. These include the immtive, and the lymphoblastoid cell lines generated by in-
nogenicity of the Tk gene prodiu#twhich leads to the fecting normal peripheral blood B cells with EBV func-
inadvertent destruction of Tk-expressing lymphocytesion as excellent antigen-presenting cells.
and a reduction in the immune function of gene-modi- Polyclonal EBV-specific CTL, containing both
fied T cells” An alternative “suicide gene” is a chi-CD4" and CD8 T cells have been administered as pro-
meric human protein expressing the Fas intracellulaphylaxis or therapy for EBV lymphoma in high-risk
domain, with 2 copies of an FK506-binding proteinHSCT recipients and have survived for up to 86 months
Transduced cells rapidly undergo apoptosis with thefter infusion and were able to reduce the high virus
addition of subnanomolar concentrations of AP1903,laad that is observed in about 20% of patiéhEBV-
bivalent “dimerizer” drug that binds FK506 bindingCTL also appeared to prevent progression to EBV-lym-
protein and induces Fas cross-linking and as this syshoma, since none of 60 patients who received pro-
tem contains only human components it should not Iphylactic CTL developed this malignancy, compared
immunogenic® Recent studies suggest the problem afith 11.5% of control8.Further, 5 of 6 patients who
activation-induced cell death depleting tumor reactiveeceived CTL as treatment for overt lymphoma achieved
cells from the final product can be overcome by usingpmplete remissions. In the patient who failed to re-
both CD3 and CD28 for T-cell activatiéh. spond, the tumor was transformed with a virus that had
CD3- and CD28-activated cells have also been adeleted the 2 CTL epitopes for which the donor CTL
ministered to patients with relapsed, refractory or chéine was specifi€’ EBV-specific CTLs have also been
motherapy-resistant, aggressive non-Hodgkin lymadministered to patients after solid organ transplant with
phoma (NHL) following high-dose chemotherapy andeports of immune and clinical respons&s.
CD34-selected autologous hematopoietic cell transplan- A more challenging circumstance is to generate T
tation (HCT)?® Preliminary results suggest that thiscells specific for leukemia antigens where the malig-
approach is associated with a rapid recovery of lymnmant cell presents antigen poorly, and the putative tar-
phocyte counts but there are as yet no data on antiget antigens are weak. EBVodgkin's disease is an

mor activity!® example of a tumor in which a more limited array of
subdominant antigens is expressed. These cells have
Allodepleted T cells type Il EBV latency, and so only express the subdomi-

An alternative approach to overcome the problem ofant LMP1 and LMP2 antigens. It is possible to bias
alloreactivity is to selectively deplete the T-cell prodthe immune response toward these antigens by over-
uct of alloreactive cells expressing activation markeexpressing them in dendritic cetfsA similar approach

in response to alloantigen. Several studies are evalulfs been used to generate HA-1—specific T élls.

ing this strategy using an immunotoxin directed against Another possibility when target antigens are un-
the activation marker CD232!% Preclinical studies known is to use leukemic cells alone or cultured with
have shown that this procedure can deplete alloreactlendritic cell®® as the antigen-presenting cell. Although
cells while preserving T cells reactive with viruses sucthis technique is cumbersome, one report details a pa-
as CMV and EBV and tumor antigens such as PR1 atidnt with relapsed CML who attained remission after
HAL1.2* In a Phase | clinical study, 15 patients werafusion of leukemia-specific CTL lin¢8Clinical stud-
treated and early T-cell expansion was seen in patiefgs are also under way with minor histocompatibility
treated at higher doses in the absence of G¥HD. antigen—specific CTES

Antigen-specific CTLs Improving Céellular Immunother apy Approaches

One way of overcoming alloreactivity and also of com-

pensating for the low frequency of specific immune cell&ntigen Presentation

for many tumor antigens is to develop antigen-specifione of the limitations of adoptive immunotherapy is
T-cell lines or clones. To generate these cells ex vivthe lack of a convenient source of the antigen-present-
there must be an antigen expressed by the putative tag cells necessary to generate antigen specifc CTLs.
get cell and a cell that can effectively present the antigénnumber of approaches have been explored to circum-
to T cells. Itis also helpful to have an immune donor, asvéent this requirement. These include artificial antigen-
is difficult to generate primary T-cell immune responsegresenting cells (aAPCs) expressing ligands for the T-
ex vivo. EBV lymphoma is an excellent model to evalueell receptor (TCR) and the CD28 and 4-1BB co-stimu-
ate EBV-specific CTLs, as themwor cells express all 9 latory surface moleculeéd,mouse fibroblasts retro-
latent cycle EBV antigens (including the immunovirally transduced with a single HLA-peptide complex
dominant EBNAS3 antigens), most donors are seropositong with the human accessory molecules B7.1,
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ICAM-1, and LFA-3? and beads coupled to solubleshown that T cells expressing transgenic antigen-spe-
human leukocyte antigen-immunoglobulin fusion proeific chimeric receptors have limited therapeutic activ-
tein (HLA-lg) and CD28-specific antibod§There has ity, in part because engagement of the chimeric recep-
also been much recent effort to identify the optimurtor alone is insufficient to sustain T-cell growth and
phenotype of infused T cells. It seem likely that fomactivation. One means of solving this problem is to trans-
optimum persistence, a product containing both effeduce antigen-specific T cells rather than nonspecifically
tor and memory cells will be required. It will thereforeactivated cells and take advantage of the costimulation
be important to correlate in vivo function with the typerovided to the native TCR by antigen. Two recent stud-
of product generated using different sources of aniies have investigated this possibility. Rossig®@ti@ns-

gen-presenting cells. duced a chimeric receptor specific for the GD2 antigen
into EBV-specific CTLs and showed that there was

Genetic modification of T cells overcome stimulation of native TCR by EBV-positive LCLs, while

tumor evasion mechanisms killing of leukemia targets occurred via the chimeric

Tumor cells may evade a transferred T-cell respon&D2 TCR. Kershaw et &l generated dual-specific
by a number of mechanisms such as downregulationDfcells by genetic modification of alloreactive T cells
MHC and costimulatory molecules and secretion afith a chimeric receptor recognizing folate-binding pro-
inhibitory cytokines. Two studies have attempted to ovetein. An alternative means of combining an activation
come inhibition of the immune response by the immun@nd a costimulatory signal is to generate a construct
suppressive cytokine transforming growth fadteta containing both TCR-and CD28-signaling elemertts.
(TGF3), which is secreted by many tumors. In murine

models of both thymoma and malignant melanom&xpansion of T cellsin vivo

transgenic mice genetically engineered so that all @fiinical studies of adoptive transfer of activated lym-
their T cells are insensitive to TGF signaling were ablghocytes to treat cancer have in many cases been lim-
to eradicate tumor¥.In a preclinical human study, ited by poor lymphocyte survival or function. An ex-
EBV-specific CTLs were transduced with a retrovirugeption has been in patients after stem cell transplanta-
vector expressing a mutant dominant-negative § GRion where the proliferative environment favors expan-
type Il receptor (DNR) that prevents the formation o$ion of infused CTL. Recently, Rosenberg’s group de-
the functional tetrameric receptdrCytotoxicity, pro- scribed how a proliferative environment could be arti-
liferation, and cytokine release assays showed that dicially induced, by administration of fludarabine and
ogenous TG that was inhibitory to wild-type CTLs cyclophosphamid&.Patients with advanced melanoma
had minimal inhibitory effects on DNR-transducedeceived lymphoreductive doses of these cytotoxic
CTLs. If long-term murine studies show that DNRdrugs and were then infused with autologous tumor-
transduced CTLs are not tumorigenic, this approadhfiltrating lymphocytes. In 6 patients there was marked

may be used in T@-secreting malignancies. expansion of the infused cells associated with tumor
responses: in 2 patients the tumor responses were com-
Gene transfer to modify target cell recognition plete, and the infused TIL came to dominate the lym-

As discussed above, generation of tumor-specific T-cefidoid compartment, suggesting a relationship between
ex vivo is limited by the requirement for expression ofell expansion and antitumor activity. Selective expan-
an appropriate antigen by an effective antigen-presesion of infused T cells might also be obtained by using
ing cell. One means of circumventing this problem imonoclonal antibodies to deplete the lymphoid com-
the transduction of T cells with chimeric surface propartment prior to T-cell infusion.

teins that transmit TCR signals in response to target

cells. Such proteins are composed of an extracellul@onclusions

domain (ectodomain) usually derived from immunod-cell therapies have produced definitive benefits in the
globulin variable chains, which recognizes and bindseatmenbf relapsed leukemia after transplantation and
target antigen. This is attached via a spacer to an inteeBV-associated malignancy. However clinical studies
cytoplasmic signaling domain (endodomain) usually thieave also identified limitations of such therapies includ-
cytoplasmic segment of T-cell receptor-zeta (TQR- ing inadequate persistence or expansion. With increased
chain, which transmits an activation signal to the T ceknowledge of the optimum methodology for genera-
Clinical studies using such chimeric receptors targetion of T-cell products, identification of additional an-
ing CD20 are under way in patients with non-Hodgkin'igen targets, and optimization of gene therapy approaches
lymphomd® CD19 is also being evaluated as a tato enhance the function of adoptively transferred T cells,
get#47Clinical trials in patients with solid tumors havethe list of successful applications will increase.

344 American Society of Hematology

20z dunr 60 uo 1sanb Aq ypd-esye LE€/8BIE L L L/LEE/L/IE00Z/PA-BlonIE/ABOjOJRWAYABU SUOHedlqndyse//:diy woly papeojumoq



=

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

REFERENCES

21.

DNA Vaccines

Gurunathan S, Klinman DM, Seder RA. DNA vaccines:
immunology, application and optimization. Annu Rev
Immunol. 2000;18:927-974.

Eckhart W. Viruses and human cancer. Science Progress.
1998;81:315-328.

Wotherspoon A, Ortiz-Hidalgo C, Falzon MR, Isaacson PG.
Helicobacter pylori-associated gastritis and primary B-cell
gastric lymphoma. Lancet. 1991;338:1175-1176.

Chang MH, Chen CJ, Lai MS, et al. Universal hepatitis B
vaccination in Taiwan and the incidence of hepatocellular
carcinoma in children. Taiwan Childhood Hepatoma Study
Group. N Engl J Med. 1997;336:1855-1859.

Koutsky LA, Ault KA, Wheeler CM, et al. A controlled trial of
a human papillomavirus Type 16 vaccine. N Engl J Med.
2002;347:1645-1651.

Maloney DG, Liles TM, Czerwinski DK, et al. Phase | clinical 5¢.

trial using escalating single-dose infusion of chimeric anti-
CD20 monoclonal antibody (IDEC-C2B8) in patients with
recurrent B-cell lymphoma. Blood. 1994;84:2457-2466.
Goulmy E. Human minor histocompatibility antigens, new

concepts for marrow transplantation and adoptive immuno- »g.

therapy. Immunol Rev. 1991757:125-140.

Stevenson FK, Stevenson GT. Therapeutic strategies for B-cell
malignancies involving idiotype-anti-idiotype interactions. Int
Rev Immunol. 1986;3-4:303-333. 29
Thirdborough SM, Radcliffe JN, Friedmann PS, Stevenson FK.

Vaccination with DNA encoding in a single-chain TCR fusion 30,

protein induces anti clonotypic immunity and protects against
T-cell lymphoma. Cancer Res. 2002;62:1757-1760.
Henderson RA, Finn OJ. Human tumor antigens are ready to
fly. Adv Immunol. 1996;62:217-256.

Dembic Z, Schenck K, Bogen B. Dendritic cells purified from
myeloma are primed with tumor-specific antigen (idiotype)
and activate CDH4T cells. Proc Natl Acad Sci U S A.
2000;97:2697-2702.

Sullenger BA, Gilboa E. Emerging clinical applications of
RNA. Nature. 2002;418:252-258.

Krieg AM. CpG maotifs in bacterial DNA and their immune
effects. Annu Rev Immunol. 2002;20:709-760.

Hornung V, Rothenfusser S, Britsch S, et al. Quantitative
expression of toll-like receptor 1-10 mRNA in cellular subsets
of human peripheral blood mononuclear cells and sensitivity 34
to CpG oligodeoxynucleotides. J Immunol. 2002;168:4531-
4537.

Tang DC, DeVit M, Johnston SA. Genetic immunization is a
simple method for eliciting an immune response. Nature.
1992;356:152-154.

Widera G, Austin M, Rabussay D, et al. Increased DNA
vaccine delivery and immunogenicity by electroporation in
vivo. J Immunol. 2000;164:4635-4640.

O’Hagan D, Singh M, Ugozzoli M, et al. Induction of potent
immune responses by cationic microparticles with adsorbed
human immunodeficiency virus DNA vaccines. J Virol.
2001;75:9037-9043.

Ramshaw IA, Ramsay AJ. The prime-boost strategy: exciting
prospects for improved vaccination. Immuioday.
2000;21:163-165.

MHC class I-restricted peptide-specific T cell induction by a
DNA prime/MVA boost vaccination regime. Vaccine.
1998;16:439-445.

Hematology 2003

20.

22.

23.

24.

27.

32.

33.

35.

36.

37.

Hanke T, Blanchard TJ, Schneider J, et al. Enhancement of 3g

Rayner JO, Dryga SA, Kamrud KI. Alphavirus vectors and
vaccination. Rev Med Virol. 2002;12:279-296.

Zhu D, Stevenson FK. DNA gene fusion vaccines against
cancer. Curr Opin Mol Ther. 2002;4:41-48.

Boyle JS, Brady JL, Lew AM. Enhanced responses to a DNA
vaccine encoding a fusion antigen that is directed to sites of
immune induction. Nature. 1998;392:408-411.

Gerloni M, Billetta R, Xiong S, Zanetti M. Somatic transgene
immunization with DNA encoding an immunoglobulin heavy
chain. DNA Cell Biol. 1997;16:611-625.

Rowell JF, Ruff AL, Guarnieri FG, et al. Lysosome-associated
membrane protein-1-mediated targeting of the HIV-1 envelope
protein to an endosomal/lysosomal compartment enhances its
presentation to MHC class Il-restricted T cells. J Immunol.
1995;155:1818-1828.

25. Wu TC, Guarnieri FG, Staveley OCKF, et al. Engineering an

intracellular pathway for major histocompatibility complex
class Il presentation of antigens. Proc Natl Acad Sci U S A.
1995;92:11671-11675.

Corr M, Lee DJ, Carson DA, Tighe H. Gene vaccination with
naked plasmid DNA: mechanism of CTL priming. J Exp Med.
1996;184:1555-1560.

Heath WR, Carbone FR. Cross-presentation, dendritic cells,
tolerance and immunity. Annu Rev Immunol. 2001;19:47-64.
Casares S, Inaba K, Brumeanu TD, et al. Antigen presentation
by dendritic cells after immunization with DNA encoding a
major histocompatibility complex class Il-restricted viral
epitope. J Exp Med. 1997;186:1481-1486.

. Srivastava PK. Immunotherapy of human cancer: lessons from

mice. Natimmunol. 2000;1:363-366.

Spellerberg MB, Zhu D, Thompsett A, et al. DNA vaccines
against lymphoma: promotion of anti-idiotypic antibody
responses induced by single chain Fv genes by fusion to
tetanus toxin fragment C. J Immunol. 1997;159:1885-1892.

31. Savelyeva N, Munday R, Spellerberg MB, et al. Plant viral

genes in DNA idiotypic vaccines activate linked CO4cell
mediated immunity against B-cell malignancies. Nat Biotech.
2001;19:760-764.

George AJ, Stevenson FK. Prospects for the treatment of B
cell tumors using idiotypic vaccination. Int Rev Immunol.
1989;4:271-310.

Hsu FJ, Caspar CB, Czerwinski D, et al. Tumor-specific
idiotype vaccines in the treatment of patients with B-cell
lymphoma: long-term results of a clinical trial. Blood.
1997;89:3129-3135.

. King CA, Spellerberg MB, Zhu D, et al. DNA vaccines with

single-chain Fv fused to fragment C of tetanus toxin induce
protective immunity against lymphoma and myeloma. Nat
Med. 1998;4:1281-1286.

Zhu D, McCarthy H, Ottensmeier CH, et al. Acquisition of
potential N-glycosylation sites in the immunoglobulin variable
region by somatic mutation is a distinctive feature of follicular
lymphoma. Blood. 2002;99:2562-2568.

Timmerman JM, Singh G, Hermanson G et al. Imnmunogenic-
ity of a plasmid DNA vaccine encoding chimeric idiotype in
patients with B-cell lymphoma. Canc Res 2002;62:5845-
5852.

Ruffini PA, Neelapu SS, Kwak LW, Biragyn A. ldiotypic
vaccination for B-cell malignancies as a model for therapeutic
cancer vaccines: from prototype protein to second generation
vaccines. Hematologica 2002;87:989-1001.

Chattergoon MA, Kim JJ, Yang JS, et al. Targeted antigen
delivery to antigen-presenting cells including dendritic cells
by engineered Fas-mediated apoptosis. Nat Biotechnol.
2000;18:974-979.

345

20z dunr 60 uo 1sanb Aq ypd-esye LE€/8BIE L L L/LEE/L/IE00Z/PA-BlonIE/ABOjOJRWAYABU SUOHedlqndyse//:diy woly papeojumoq



39.

40.

41.

42.

43.

44,

45,

46.

10.

11.

Sasaki S, Amara RR, Oran AE, et al. Apoptosis-mediated
enhancement of DNA-raised immune responses by mutant
caspases. Nat Biotechnol. 2001;19:543-547.

Wu Y, Kipps TJ. Deoxyribonucleic acid vaccines encoding 12.

antigens with rapid proteasome-dependent degradation are
highly efficient inducers of cytolytic T-lymphocytes. J

Immunol. 1997;159:6037-6043. 13.

Gallucci S, Matzinger P. Danger signals: SOS to the immune
system. Curr Opin Immunol. 2001;13:114-119.

Chen CH, Wang TL, Hung CF, et al. Enhancement of DNA  14.

vaccine potency by linkage of antigen gene to an HSP70 gene.
Cancer Res. 2000;60:1035-1042.

Yewdell JW, Bennink JR. Immunodominance in major 15.

histocompatibility complex class I-restricted T lymphocyte
responses. Annu Rev Immunol. 1999;17:51-88.

Wills MR, Carmichael AJ, Mynard K, et dlhe human 16.

cytotoxic T-lymphocyte (CTL) response to cytomegalovirus is
dominated by structural protein pp65: frequency, specificity

and T-cell receptor usage of pp65-specific CTL. J Virol. 17.

1996;70:7569-7579.
Rice J, Elliott T, Buchan S, Stevenson FK. DNA fusion
vaccine designed to induce cytotoxic T cell responses against

defined peptide motifs: implications for cancer vaccines. J  18.

Immunol. 2001;167:1558-1565.
Rice J, Buchan S, Stevenson FK. Critical components of a

DNA fusion vaccine able to induce protective cytotoxic T cellsl9.

against a single epitope of a tumor antigen. J Immunol.
2002;169:3908-3913.

. Peptide Vaccines

Giralt SA, Kolb HJ. Donor lymphocyte infusions. Curr Opin
Oncol. 1996;8:96-102.

Kolb HJ, Holler E. Adoptive immunotherapy with donor
lymphocyte transfusions. Curr Opin Oncol. 1997;9:139-145.
Kolb HJ, Schattenberg A, Goldman JM, et al. Graft-versus-
leukemia effect of donor lymphocyte transfusions in marrow

grafted patients. European Group for Blood and Marrow 21

Transplantation Working Party Chronic Leukemia. Blood.
1995;86:2041-2050.

Kolb HJ, Mittermuller J, Holler E, Thalmeier K, Bartram CR.
Graft-versus-host reaction spares normal stem cells in chronic
myelogenous leukemia. Bone Marrow Transplant.

1996;17:449-452. 22.

Antin JH. Graft-versus-leukemia: no longer an epiphenom-
enon. Blood. 1993;82:2273-2277.
van Rhee F, Lin F, Cullis JO, Goldman J. Relapse of chronic

myeloid leukemia after allogeneic bone marrow transplant; thé3:

case for giving donor lymphocyte transfusions before the
onset of hematological relapse. Blood. 1994;83:3377-3383.
Collins RH, Jr., Shpilberg O, Drobyski WR, et al. Donor
leukocyte infusions in 140 patients with relapsed malignancy
after allogeneic bone marrow transplantation. J Clin Oncol.
1997;15:433-444.

Altman JD, Moss PAH, Goulder PJR, et al. Phenotypic
analysis of antigen-specific T lymphocytes. Science.
1996;274:94-96.

Callan MF, Tan L, Annels N, et al. Direct visualization of ~ 25-

antigen-specific CD8T cells during the primary immune
response to Epstein-Barr virus In vivo. J Exp Med.
1998;187:1395-1402.

Komanduri KV, Donahoe SM, Moretto WJ, et al. Direct 26.

measurement of CD4nd CD8 T-cell responses to CMV in
HIV-1-infected subjects. Virology. 2001;279:459-470.

Komanduri KV, Viswanathan MN, Wieder ED, et al. Restora- 27-

tion of cytomegalovirus-specific CD4-lymphocyte

346

responses after ganciclovir and highly active antiretroviral
therapy in individuals infected with HIV-1. Nat Med.
1998;4:953-956.

Lee PP, Yee C, Savage PA, et al. Characterization of circulat-
ing T cells specific for tumor-associated antigens in melanoma
patients. Nat Med. 1999;5:677-685.

Molldrem JJ, Lee PP, Wang C, et al. Evidence that specific T
lymphocytes may participate in the elimination of chronic
myelogenous leukemia. Nat Med. 2000;6:1018-1023.

Murata M, Warren EH, Riddell SR. A human minor histocom-
patibility antigen resulting from differential expression due to
a gene deletion. J Exp Med. 2003;197:1279-1289.

den Haan JMM, Meadows LM, Wang W, et al. The minor
histocompatibility antigen HA-1: a diallelic gene with a single
amino acid polymorphism. Science. 1998;279:1054-1057.
den Haan JMM, Sherman NE, Blokland E, et al. Identification
of a graft versus host disease-associated human minor
histocompatibility antigen. Science. 1995;268:1476-1480.
Warren EH, Greenberg PD, Riddell SR. Cytotoxic T-
lymphocyte-defined human minor histocompatibility antigens
with a restricted tissue distribution. Blood. 1998;91:2197-
2207.

Dolstra H, Fredrix H, Preijers F, et al. Recognition of a B cell
leukemia-associated minor histocompatibility antigen by CTL.
J Immunol. 1997;158:560-565.

Faber LM, van Luxemburg-Heijs SA, Veenhof WF, Willemze
R, Falkenburg JH. Generation of CDgytotoxic T-lympho-

cyte clones from a patient with severe graft-versus-host
disease after allogeneic bone marrow transplantation:
implications for graft-versus-leukemia reactivity. Blood.
1995;86:2821-2828.

20. Faber LM, van der Hoeven J, Goulmy E, et al. Recognition of

clonogenic leukemic cells, remission bone marrow and HLA-
identical donor bone marrow by CD8r CD4 minor
histocompatibility antigen-specific cytotoxic T lymphocytes. J
Clin Invest. 1995;96:877-883.

Faber LM, van Luxemburg-Heijs SA, Rijnbeek M, Willemze
R, Falkenburg JH. Minor histocompatibility antigen-specific,
leukemia-reactive cytotoxic T cell clones can be generated in
vitro without in vivo priming using chronic myeloid leukemia
cells as stimulators in the presence of alpha-interferon. Biol
Blood Marrow Transplant. 1996;2:31-36.

van der Harst D, Goulmy E, Falkenburg JH, et al. Recognition
of minor histocompatibility antigens on lymphocytic and
myeloid leukemic cells by cytotoxic T-cell clones. Blood.
1994;83:1060-1066.

Goulmy E, Schipper R, Pool J, et al. Mismatches of minor
histocompatibility antigens between HLA-identical donors
and recipients and the development of graft-versus-host
disease after bone marrow transplantation. N Engl J Med.
1996;334:281-285.

24. Marijt WA, Heemskerk MH, Kloosterboer FM, et al. Hemato-

poiesis-restricted minor histocompatibility antigens HA-1- or
HA-2-specific T cells can induce complete remissions of
relapsed leukemia. Proc Natl Acad Sci U S A. 2003;100:2742-
2747.

Dermime S, Molldrem J, Parker KC, et al. Human CD8+ T
lymphocytes recognize the fusion region of bcr/abl hybrid
protein present in chronic myelogenous leukemia [abstract].
Blood. 1995;86:432.

Bocchia M, Wentworth PA, Southwood S, et al. Specific
binding of leukemia oncogene fusion protein peptides to HLA
class | molecules. Blood. 1995;85:2680-2684.

Bocchia M, Korontsvit T, Xu Q, et al. Specific human cellular
immunity to bcr-abl oncogene-derived peptides. Blood.

American Society of Hematology

20z dunr 60 uo 1sanb Aq ypd-esye LE€/8BIE L L L/LEE/L/IE00Z/PA-BlonIE/ABOjOJRWAYABU SUOHedlqndyse//:diy woly papeojumoq



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

1996;87:3587-3592.

Clark RE, Dodi IA, Hill SC, et al. Direct evidence that
leukemic cells present HLA-associated immunogenic peptides
derived from the BCR-ABL b3a2 fusion protein. Blood.
2001;98:2887-2893.

Sturrock AB, Franklin KF, Rao G, et al. Structure, chromo-

somal assignment, and expression of the gene for proteinase 3.

J Biol Chem. 1992;267:21193.

Chen T, Meier R, Ziemiecki A, Fey MF, Tobler A.
Myeloblastin/proteinase 3 belongs to the set of negatively
regulated primary response genes expressed during in vitro
myeloid differentiation. Biochem Biophys Res Commun.
1994;200:1130-1135.

Muller-Berat N, Minowada J, Tsuji-Takayama K, et al. The
phylogeny of proteinase 3/myeloblastin, the autoantigen in
Wegener’s granulomatosis, and myeloperoxidase as shown by
immunohistochemical studies on human leukemic cell lines.
Clin Immunol Immunopathol. 1994;70:51-59.

Zhang P, Nelson E, Radomska HS, et al. Induction of
granulocytic differentiation by 2 pathways. Blood.
2002;99:4406-4412.

Behre G, Zhang P, Zhang DE, Tenen DG. Analysis of the
modulation of transcriptional activity in myelopoiesis and
leukemogenesis. Methods. 1999;17:231-237.

Bories D, Raynal MC, Solomon DH, Darzynkiewicz Z, Cayre 51.

YE. Down-regulation of a serine protease, myeloblastin,
causes growth arrest and differentiation of promyelocytic
leukemia cells. Cell. 1989;59:959.

Borregaard N, Cowland JB. Granules of the human neutro- 52.

philic polymorphonuclear leukocyte. Blood. 1997;89:3503-
3521.

Dengler R, Munstermann U, al-Batran S, et al. Immunocy-
tochemical and flow cytometric detection of proteinase 3
(myeloblastin) in normal and leukaemic myeloid cells. Br J
Haematol. 1995;89:250-257.

Franssen CF, Cohen Tervaert JW, Stegeman CA, Kallenberg54.

CG. c-ANCA as a marker of Wegener's disease. Lancet.
1996;347:116.

Brouwer E, Stegeman CA, Huitema MG, Limburg PC,
Kallenberg CG. T cell reactivity to proteinase 3 and
myeloperoxidase in patients with Wegener's granulomatosis
(WG). Clin Exp Immunol. 1994;98:448-453.

Franssen CF, Stegeman CA, Kallenberg CG, et al.
Antiproteinase 3- and antimyeloperoxidase-associated
vasculitis. Kidney Int. 2000;57:2195-2206.

Williams RC, Staud R, Malone CC, Payabyab J, Byres L,
Underwood D. Epitopes on proteinase 3 recognized by
antibodies from patients with Wegener’s granulomatosis. J
Immunol. 1994;152:4722-4732.

Jennette JC, Thomas DB, Falk RJ. Microscopic polyangiitis

(microscopic polyarteritis). Semin Diagn Pathol. 2001;18:3- 58.

13.

Savige J, Gillis D, Benson E, et al. International Consensus
Statement on Testing and Reporting of Antineutrophil
Cytoplasmic Antibodies (ANCA). Am J Clin Pathol.
1999;111:507-513.

Ballieux BE, van der Burg SH, Hagen EC, van der Woude FJ,

Melief CJ, Daha MR. Cell-mediated autoimmunity in patients 60.

with Wegener's granulomatosis (WG). Clin Exp Immunol.
1995;100:186-193.
Molldrem J, Dermime S, Parker K, et al. Targeted T-cell

therapy for human leukemia: cytotoxic T lymphocytes specifi6G1.

for a peptide derived from proteinase 3 preferentially lyse
human myeloid leukemia cells. Blood. 1996;88:2450-2457.
Molldrem JJ, Clave E, Jiang YZ, et al. Cytotoxic T lympho-

Hematology 2003

46.

47.

48.

49.

50.

53.

55.

56.

57.

59.

cytes specific for a nonpolymorphic proteinase 3 peptide
preferentially inhibit chronic myeloid leukemia colony-
forming units. Blood. 1997;90:2529-2534.

Molldrem JJ, Lee PP, Wang C, Champlin RE, Davis MM. A
PR1-human leukocyte antigen-A2 tetramer can be used to
isolate low-frequency cytotoxic T lymphocytes from healthy
donors that selectively lyse chronic myelogenous leukemia.
Cancer Res. 1999;59:2675-2681.

Braunschweig |, Wang C, Molldrem J. Cytotoxic T lympho-
cytes (CTL) specific for myeloperoxidase-derived HLA-A2-
restricted peptides specifically lyse AML and CML cells.
Blood. 2000;96:3291.

Azuma T, Makita M, Ninomiya K, Fujita S, Harada M,
Yasukawa M. Identification of a novel WT1-derived peptide
which induces human leucocyte antigen-A24-restricted anti-
leukaemia cytotoxic T lymphocytes. Br J Haematol.
2002;116:601-603.

Bellantuono |, Gao L, Parry S, et al. Two distinct HLA-
A0201-presented epitopes of the Wilms tumor antigen 1 can
function as targets for leukemia-reactive CTL. Blood.
2002;100:3835-3837.

Gao L, Bellantuono |, Elsasser A, et al. Selective elimination
of leukemic CD34(+) progenitor cells by cytotoxic T
lymphocytes specific for WT1. Blood. 2000;95:2198-2203.
Scheibenbogen C, Letsch A, Thiel E, et al. CD8 T-cell
responses to Wilms tumor gene product WT1 and proteinase 3
in patients with acute myeloid leukemia. Blood.
2002;100:2132-2137.

Oka Y, Elisseeva OA, Tsuboi A, et al. Human cytotoxic T-
lymphocyte responses specific for peptides of the wild-type
Wilms’ tumor gene (WT1 ) product. Immunogenetics.
2000;51:99-107.

Bergmann L, Maurer U, Weidmann E. Wilms tumor gene
expression in acute myeloid leukemias. Leuk Lymphoma.
1997,25:435-443.

Bergmann L, Miething C, Maurer U, et al. High levels of
Wilms’ tumor gene (wtl) mRNA in acute myeloid leukemias
are associated with a worse long-term outcome. Blood.
1997;90:1217-1225.

Brieger J, Weidmann E, Maurer U, Hoelzer D, Mitrou PS,
Bergmann L. The Wilms’ tumor gene is frequently expressed
in acute myeloblastic leukemias and may provide a marker for
residual blast cells detectable by PCR. Ann Oncol.
1995;6:811-816.

Chen W, Chatta K, Rubin W, et al. Polymporphic segments of
CD45 can serve as targets for GVHD and GVL responses
[abstract]. Blood. 1995;86.

Amrolia PJ, Reid SD, Gao L, et al. Allorestricted cytotoxic T
cells specific for human CD45 show potent antileukemic
activity. Blood. 2003;101:1007-1014.

Raptis A, Clave E, Mavroudis D, Molldrem J, Van Rhee F,
Barrett AJ. Polymorphism in CD33 and CD34 genes: a source
of minor histocompatibility antigens on haemopoietic
progenitor cells? Br J Haematol. 1998;102:1354-1358.
Chambost H, van Baren N, Brasseur F, Olive D. MAGE-A
genes are not expressed in human leukemias. Leukemia.
2001;15:1769-1771.

Panilla J, Cathcart K, Korontsvit T, et al. A phase |l trial of
patients with CML using a multivalent BCR-ABL oncogene
product fusion peptide vaccine [abstract]. Proc ASCO.
2003;674.

Li Z, Qiao Y, Laska E, et al. Combination of imatinib mesylate
with autologous leukocyte-derived heat shock protein 70
vaccine for chronic myelogenous leukemia [abstract]. Proc
ASCO. 2003:664.

347

20z dunr 60 uo 1sanb Aq ypd-esye LE€/8BIE L L L/LEE/L/IE00Z/PA-BlonIE/ABOjOJRWAYABU SUOHedlqndyse//:diy woly papeojumoq



[11. T-Cell Mediated Therapies

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Porter DL, Antin JH. The graft-versus-leukemia effects of
allogeneic cell therapy. Annu Rev Med. 1999;50:369-386.
Rooney CM, Smith CA, Ng CYC, et al. Infusion of cytotoxic T

cells for the prevention and treatment of Epstein-Barr virus- 21-

induced lymphoma in allogeneic transplant recipients. Blood.
1998;92:1549-1555.

Lanzavecchia A, Sallusto F. Antigen decoding by T lympho- 22.

cytes: from synapses to fate determination. Nat Immunol.
2001;2:487-492.
Van den Eynde B, Brichard VG. New tumor antigens

recognized by T cells. Curr Opin Imunol. 1995;7 :674-681. 23.

Yee C, Gilbert MJ, Riddell SR, et al. Isolation of tyrosinase-
specific CD8+ and CD4+ T cell clones from the peripheral
blood of melanoma patients following in vitro stimulation

with recombinant vaccinia virus . J Immunol. 1996;157:4079-
4086.

Vilchez RA, Madden CR, Kozinetz CA, et al. Association
between simian virus 40 and non-Hodgkin lymphoma. Lancet.
2002;359:817-823.

Molldrem JJ, Lee PP, Wang C, et al. Evidence that specific T
lymphocytes may participate in the elimination of chronic
myelogenous leukemia. Nat Med. 2000;6:1018-1023.

Gao L, Bellantuono |, Elsasser A, et al. Selective elimination
of leukemic CD34(+) progenitor cells by cytotoxic T

lymphocytes specific for WT1. Blood. 2000;95:2198-2203. 26.

Zendman AJ, Ruiter DJ, Van Muijen GN. Cancer/testis-
associated genes: identification, expression profile, and
putative function. J Cell Physiol. 2003;194:272-288.

Murata M, Warren EH, Riddell SR. A human minor histocom-27-

patibility antigen resulting from differential expression due to
a gene deletion. J Exp Med. 2003;197:1279-1289.
Behar E, Chao NJ, Hiraki DD, et al. Polymorphism of

adhesion molecule CD31 and its role in acute graft-versus- 28.

host disease. N Engl J Med. 1996;334:286-291.
Amrolia PJ, Reid SD, Gao L, et al. Allorestricted cytotoxic T

cells specific for human CD45 show potent antileukemic 29

activity. Blood. 2003;101:1007-1014.
Alyea EP, Soiffer RJ, Canning C, et al. Toxicity and efficacy
of defined doses of CD4(+) donor lymphocytes for treatment

of relapse after allogeneic bone marrow transplant. Blood. 30.

1998;91:3671-3680.

Giralt S, Hester J, Huh Y, et al. CD8-depleted donor lympho-
cyte infusion as treatment for relapsed chronic myelogenous
leukemia after allogeneic bone marrow transplantation. Blood.
1995;86:4337-4343.

Fowler D, Hou J, Foley J, et al. Phase I clinical trial of donor 31.

T-helper type-2 cells after immunoablative, reduced intensity
allogeneic PBSC transplant. Cytotherapy. 2002;4:429-430.
Bonini C, Ferrari G, Verzeletti S, et al. HSV-TK gene transfer
into donor lymphocytes for control of allogeneic graft versus
leukemia. Science. 1997;276:1719-1724.

Sauce D, Bodinier M, Garin M, et al. Retrovirus-mediated
gene transfer in primary T lymphocytes impairs their anti-

Epstein-Barr virus potential through both culture-dependent 33

and selection process-dependent mechanisms. Blood.
2002;99:1165-1173.

Laport GG, Levine BL, Stadtmauer EA, et al. Adoptive 34.

transfer of costimulated T cells induces lymphocytosis in
patients with relapsed/refractory non-Hodgkin’s lymphoma
following CD34- selected hematopoietic cell transplantation.
Blood. 2003;102:2004-2013. 35
Verneris MR, Baker J, Edinger M, Negrin RS. Studies of ex
vivo activated and expanded CD8+ NK-T cells in humans and
mice. J Clin Immunol. 2002;22:131-136.

348

20.

Andre-Schmutz |, Le Deist F, Hacein-Bey-Abina S, et al.
Immune reconstitution without graft-versus-host disease after
haemopoietic stem-cell transplantation: a phase 1/2 study.
Lancet. 2002;360:130-137.

Amrolia PJ, Muccioli-Casadei G, Yvon E, et al. Selective
depletion of donor allo-reactive T-cells without loss of anti-
viral or anti-leukemic responses. Blood. 2003;102:2292-2299.
Heslop HE, Ng CYC, Li C, et al. Long-term restoration of
immunity against Epstein-Barr virus infection by adoptive
transfer of gene-modified virus-specific T lymphocytes. Nat
Med . 1996;2:551-555.

Gustafsson A, Levitsky V, Zou JZ, et al. Epstein-Barr virus
(EBV) load in bone marrow transplant recipients at risk to
develop posttransplant lymphoproliferative disease: prophy-
lactic infusion of EBV-specific cytotoxic T cells. Blood.
2000;95:807-814.

24, Comoli P, Labirio M, Basso S, et al. Infusion of autologous

Epstein-Barr virus (EBV)-specific cytotoxic T cells for
prevention of EBV-related lymphoproliferative disorder in
solid organ transplant recipients with evidence of active virus
replication. Blood. 2002;99:2592-2598.

25. Haque T, Wilkie GM, Taylor C, et al. Treatment of Epstein-

Barr-virus-positive post-transplantation lymphoproliferative
disease with partly HLA-matched allogeneic cytotoxic T cells.
Lancet. 2002;360:436-442.

Gottschalk S, Edwards OL, Sili U, et al. Generating CTL
against the subdominant Epstein-Barr virus LMP1 antigen for
the adoptive Immunotherapy of EBV-associated malignancies.
Blood. 2003;101:1905-1912.

Falkenburg JH, Wafelman AR, Joosten P, et al. Complete
remission of accelerated phase chronic myeloid leukemia by
treatment with leukemia-reactive cytotoxic T lymphocytes.
Blood. 1999;94:1201-1208.

Warren EH, Tykodi SS, Murata M, et al. T-cell therapy
targeting minor histocompatibility Ags for the treatment of
leukemia and renal-cell carcinoma. Cytotherapy. 2002;4:441.
Jensen M, Cooper L, Wu A, Forman S, Raubitschek A.
Engineered CD20-specific primary human cytotoxic T
lymphocytes for targeting B-cell malignancy. Cytotherapy.
2003;5:131-138.

MacKinnon S, Papadopoulos EB, Carabasi MH, Reich L,
Collins NH, O’Reilly RJ. Adoptive immunotherapy using
donor leukocytes following bone marrow transplantation for
chronic myeloid leukemia: is T cell dose important in
determining biological response? Bone Marrow Transplant.
1995;15:591-594.

Marijt WA, Heemskerk MH, Kloosterboer FM, et al. Hemato-
poiesis-restricted minor histocompatibility antigens HA-1- or
HA- 2-specific T cells can induce complete remissions of
relapsed leukemia. Proc Natl Acad Sci U S A. 2003;100:2742-
2747.

32. Riddell SR, Elliot M, Lewinsohn DA, et al. T-cell mediated

rejection of gene-modified HIV-specific cytotoxic T lympho-
cytes in HIV-infected patients. Nature Med. 1996;2:216-223.
Thomis DC, Marktel S, Bonini C, et al. A Fas-based suicide
switch in human T cells for the treatment of graft-versus-host
disease. Blood. 2001;97:1249-1257.

Marktel S, Magnani Z, Ciceri F, et al. Immunologic potential
of donor lymphocytes expressing a suicide gene for early
immune reconstitution after hematopoietic T-cell-depleted
stem cell transplantation. Blood. 2003;101:1290-1298.

. Solomon SR, Tran T, Carter CS, et al. Optimized clinical-scale

culture conditions for ex vivo selective depletion of host-
reactive donor lymphocytes: a strategy for GvHD prophylaxis in
allogeneic PBSC transplantation. Cytotherapy. 2002;4:395-406.

American Society of Hematology

20z dunr 60 uo 1sanb Aq ypd-esye LE€/8BIE L L L/LEE/L/IE00Z/PA-BlonIE/ABOjOJRWAYABU SUOHedlqndyse//:diy woly papeojumoq



36. Rooney CM, Smith CA, Ng C, et al. Use of gene-modified  44. Gorelik L, Flavell RA. Immune-mediated eradication of
virus-specific T lymphocytes to control Epstein-Barr virus- tumors through the blockade of transforming growth factor-
related lymphoproliferation. Lancet. 1995;345:9-13. beta signaling in T cells. Nat Med. 2001;7:1118-1122.

37. Gottschalk S, Ng CYC, Smith CA, et al. An Epstein-Barr virus45. Bollard CM, Rossig C, Calonge MJ, et al. Adapting a
deletion mutant that causes fatal lymphoproliferative disease  transforming growth factor beta-related tumor protection

unresponsive to virus-specific T cell therapy. Blood. strategy to enhance antitumor immunity. Blood.
2001;97:835-843. 2002;99:3179-3187.

38. Mutis T, Ghoreschi K, Schrama E, et al. Efficient induction of 46. Cooper LJ, Topp MS, Serrano LM, et al. T-cell clones can be
minor histocompatibility antigen HA-1-specific cytotoxic T- rendered specific for CD19: toward the selective augmentation
cells using dendritic cells retrovirally transduced with HA-1- of the graft-versus-B-lineage leukemia effect. Blood.
coding cDNA. Biol Blood Marrow Transplant. 2002;8:412- 2003;101:1637-1644.

4109. 47. Roessig C, Scherer SP, Baer A, et al. Targeting CD19 with

39. Montagna D, Maccario R, Locatelli F, et al. Ex vivo priming genetically modified EBV-specific human T lymphocytes. Ann

for long-term maintenance of antileukemia human cytotoxic T Hematol. 2002;81 Suppl 2:S42-S43.
cells suggests a general procedure for adoptive immuno-  48. Rossig C, Bollard CM, Nuchtern JG, Rooney CM, Brenner
therapy. Blood. 2001;98:3359-3366. MK. Epstein-Barr virus-specific human T lymphocytes
40. Falkenburg JH, Wafelman AR, Joosten P, et al. Complete expressing antitumor chimeric T-cell receptors: potential for
remission of accelerated phase chronic myeloid leukemia by  improved immunotherapy 2. Blood. 2002;99:2009-2016.
treatment with leukemia-reactive cytotoxic T lymphocytes.  49. Kershaw MH, Westwood JA, Hwu P. Dual-specific T cells
Blood. 1999;94:1201-1208. combine proliferation and antitumor activity. Nat Biotechnol.
41. Maus MV, Thomas AK, Leonard DG, et al. Ex vivo expansion 2002;20:1221-1227.
of polyclonal and antigen-specific cytotoxic T lymphocytes by50. Maher J, Brentjens RJ, Gunset G, Riviere |, Sadelain M.

artificial APCs expressing ligands for the T-cell receptor, Human T-lymphocyte cytotoxicity and proliferation directed
CD28 and 4-1BB. Nat Biotechnol. 2002;20:143-148. by a single chimeric TCRzeta/CD28 receptor. Nat Biotechnol.
42. Latouche JB, Sadelain M. Induction of human cytotoxic T 2002;20:70-75.
lymphocytes by artificial antigen-presenting cells. Nat 51. Dudley ME, Wunderlich JR, Robbins PF, et al. Cancer
Biotechnol. 2000;18:405-409. regression and autoimmunity in patients after clonal
43. Oelke M, Maus MV, Didiano D, June CH, Mackensen A, repopulation with antitumor lymphocytes. Science.
Schneck JP. Ex vivo induction and expansion of antigen- 2002;298:850-854.

specific cytotoxic T cells by HLA-Ig-coated artificial antigen-
presenting cells. Nat Med. 2003;9:619-625.

Hematology 2003 349

20z dunr 60 uo 1sanb Aq ypd-esye LE€/8BIE L L L/LEE/L/IE00Z/PA-BlonIE/ABOjOJRWAYABU SUOHedlqndyse//:diy woly papeojumoq



