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a b s t r a c t
We conducted a phase I trial of allogeneic T cells sensitized in vitro against a pool of pentadecapeptides
(15-mer peptides) spanning the sequence of CMVpp65 for adoptive therapy of 17 allogeneic hematopoietic
cell transplant recipients with cytomegalovirus (CMV) viremia or clinical infection persisting despite
prolonged treatment with antiviral drugs. All but 3 of the patients had received T celledepleted transplants
without graft-versus-host disease (GVHD) prophylaxis with immunosuppressive drugs after trans-
plantation. The CMVpp65-specific T cells (CMVpp65CTLs) generated were oligoclonal and specific for only 1
to 3 epitopes, presented by a limited set of HLA class I or II alleles. T cell infusions were well tolerated
without toxicity or GVHD. Of 17 patients treated with transplant donor (n ¼ 16) or third-party (n ¼ 1)
CMVpp65CTLs, 15 cleared viremia, including 3 of 5 with overt disease. In responding patients, the
CMVpp65CTLs infused consistently proliferated and could be detected by T cell receptor Vb usage in
CMVpp65/HLA tetramer þ populations for period of 120 days to up to 2 years after infusion. Thus,
CMVpp65CTLs generated in response to synthetic 15-mer peptides of CMVpp65 are safe and can clear
persistent CMV infections in the post-transplantation period.

� 2015 American Society for Blood and Marrow Transplantation.

INTRODUCTION
Cytomegalovirus (CMV) infections remain a major cause

of morbidity and mortality in allogeneic hematopoietic cell
transplant (HCT) recipients [1,2]. Although prophylactic or
preemptive treatment with ganciclovir or foscarnet has
reduced the incidence and mortality of early CMV infections,
prolonged antiviral treatment may delay recovery of virus-
specific immune responses and predispose patients to late-
onset disease [2-5]. Furthermore, treatment with antiviral
drugs often cannot be sustained because of complicating
myelosuppression or nephrotoxicity [2].

Reconstitution of CMV-specific CD8þ cytotoxic T cells
(CMVCTLs) after HCT is correlated with control of CMV

infections [2,6-14]. Riddell et al. [15,16] first demonstrated
that adoptive transfer of donor-derived CD8þ CMVCTL clones
sensitized with autologous CMV-infected fibroblasts could
protect allogeneic marrow recipients from infection. Subse-
quent studies employing CMV-specific, predominantly CD8þ,
T cell lines sensitized with autologous dendritic cells (DCs) or
peripheral blood mononuclear cells (PBMCs) loaded with
lysates of CMV-infected cells [17,18] or single peptides of
immunodominant antigens, such as CMVpp65 [19] or DCs
transduced to express immunogenic CMV proteins [20], have
further documented the potential of such cells to prevent or
treat CMV disease. However, regulatory concerns persist
regarding the use of infected cell lysates or virus-transduced
cells. Similarly, sensitization with single peptides presented
by specific HLA alleles, however prevalent, may limit their
broad application.

We previously reported a method for generating CMVCTL
by sensitization with autologous DCs loaded with a pool of
138 synthetic pentadecapeptides (15-mers) with 11 amino
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acid overlaps spanning the amino acid sequence of CMVpp65
[21]. With this approach, wewere able to generate CMVpp65
peptideespecific Tcell lines (CMVpp65CTLs) from each CMV-
seropositive donor tested, regardless of HLA type, and to
characterize these lines as to their epitope specificities and
HLA restrictions [21]. We now report results of a phase I trial
reassessing the safety and antiviral activity of escalating
doses of transplant donor-derived CMVpp65CTLs generated
by this technique in allogeneic HCT recipients with CMV
infections or persistent CMV viremia. By defining the epitope
specificity, HLA restriction, and TCR Vb usage of the T cells
infused, we were also able to sequentially follow their
growth and persistence in vivo and correlate their expansion
with clearance of infection.

MATERIALS AND METHODS
Design of Clinical Trial

This single-institution phase I trial was designed to assess the toxicity
and activity of escalating doses of CMVpp65CTLs derived from T cell lines
generated from CMV-seropositive healthy marrow transplant donors by
sensitization in vitro with autologous, cytokine-activated monocytes
(CAMS) loaded with a pool of synthetic 15-mer peptides spanning the
sequence of CMV protein pp65 [21]. The trial was approved by the institu-
tional review/privacy board at Memorial Sloan-Kettering Cancer Center, the
National Marrow Donor Program, and the Food and Drug Administration.
Eligible patients were allogeneic HCT recipients who either had clinical CMV
infection or CMV viremia that was persistent despite at least 2 weeks of
treatment with antiviral drugs or those who could not be maintained on
antiviral drugs because of associated toxicities.

Four dose levels of transplant donor-derived CMVpp65CTLs were
sequentially evaluated: group 1 (n ¼ 3) received 5 � 105 T cells/kg; group 2
(n¼ 4),1�106 Tcells/kg� 1 dose; group 3 (n¼ 3), 2�106 Tcells/kg� 1 dose;
group 4 (n ¼ 6), 1 � 106 T cells/kg � 3 weekly doses. Endpoints included
incidence and severity of toxicities and acute graft-versus-host disease
(GVHD) as well as the clinical and virological responses observed and their
correlation with alterations in CMV-specific T cells detected after infusion.

Patient and Donor Characteristics
Characteristics of the 16 patients who received transplant donor-

derived CMVpp65CTLs, including diagnoses, disease status at time of
transplantation, conditioning regimen, and type of transplantation, are
summarized in Table 1. All recipients were CMV-seropositive before
transplantation.

All patients had been previously treated with antiviral drugs, according
to standard of care before administration of CMVpp65CTLs. Antiviral ther-
apy was maintained after CMVpp65CTL infusion in 13 patients but had been
discontinued in 4 patients (unique patient numbers [UPN] 4, 5, 8, and 11)
because of intolerable toxicities at time of CMVpp65CTL infusion.

UPN 17 was referred from an outside center with reactivation of drug-
resistant CMV after a 9/10 HLA-matched (HLA-A mismatch) HCT from a
seronegative unrelated donor. This patient was treated with partially
matched third-party CMV cytotoxic T cells (CTLs) under an institutional re-
view board and Food and Drug Associationeapproved single patient use-IND.

Generation of Antigen-Presenting Cells
Autologous transplant donor-derived CAMS and Epstein-Barr viruse-

transformed B lymphocyte cell lines (EBV-BLCLs) were generated as previ-
ously described [21-24]. To identify HLA restrictions of CMVpp65CTL, a
panel of EBV-BLCLs of defined HLA types were generated as previously
described [21,22].

Generation of Clinical Grade CMVpp65CTLs
Cultures of CMVpp65-specific T cells from seropositive transplant do-

nors were initiated at first detection of CMV viremia or before reactivation
for seropositive transplant recipients at risk. CD3þ-enriched T cell fractions,
isolated from PBMC by depletion of adherent monocytes and immu-
noadsorption of natural killer cells, were initially stimulated at an effector to
stimulator ratio of 20:1 with irradiated (6000 cGy) autologous CAMS loaded
with the pool of overlapping pentadecapeptides of CMVpp65 (Invitrogen,
Boston, MA) and propagated in vitro with weekly restimulation at an
effector to stimulator ratio of 4:1 and supplementation with IL-2 beginning
at day 10 to 16, as previously described [21,22]. After 28 days, T cells were
harvested, counted, and tested for antigen-specific cytotoxicity and lack of
alloreactivity [21-23] as well as for microbiological sterility and endotoxin
levels. Aliquots of CMVpp65CTLs meeting release criteria were Ta
b
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