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Introduction

There are now multiple effective strategies for the activation 
and expansion, or direct selection of virus-specific T cells that 
may be able to eliminate a range of virus infections in the 
immunocompromised host. In this mini-review, we explain 
how the stage is set for their rigorous evaluation in large-
scale clinical trials.

Virus infections are the cause of 30% or more of transplant-
related deaths in recipients of T-cells depleted, allogeneic 
hematopoietic stem cell transplants (HSCT).1 Epstein-Barr 
virus (EBV), cytomegalovirus (CMV), and adenoviruses (AdV) 
are the most common culprits, but other common viruses 
like parainfluenza virus, respiratory syncytial virus, influenza 
viruses, polyomaviruses, and human herpesvirus 6 together 
contribute significant morbidity and mortality (Figure  1).2–4 
Small molecule therapies are often ineffectual, always costly 
and frequently produce significant adverse effects.

Virus-specific T-cells derived from stem cell donors can pre-
vent and treat post-transplant viral infections, in the recipients 
for whom they were intended, and also in partially human 
leukocyte antigen (HLA)-matched, third party recipients.5–7 
The low toxicity and long-term protection provided by virus-
specific T-cells compares favorably with the significant toxici-
ties and short-term effects of most antivirals.5,6,8–10 Is it time, 
therefore, to begin the transfer of T-cell manufacturing from 
academic phase I/II clinical trials into hospital or industry-
supported facilities so that virus-specific T-cells can be made 
available to all high-risk HSCT recipients?

Several barriers prevent the broader use of virus-specific 
T-cell therapies after stem cell transplantation. While T-cell 
therapies for EBV, CMV, and AdV have clearly demonstrated 
their safety and efficacy both as prophylaxis and as therapy, 
for many other viruses, the antigens that induce protective 
T-cells have yet to be identified. Moreover, these infections 
may occur in <5% of patients making it difficult to perform 
the rigorous comparative effectiveness studies that will be 
required to show lower overall cost, fewer adverse effects, 
and equivalent or superior efficacy. Before any of these barri-
ers can be breached effectively by the academic institutions 

who are the major developers of these T-cells therapeutics, 
we must select and optimize manufacturing strategies that 
are robust and scalable and have the lowest possible cost. 
Finally, the leap to late phase trials cannot be accomplished 
by academic institutions alone, but requires partnership with 
industry. This article will largely deal with selection and opti-
mization of virus-specific T-cell manufacturing strategies.

Choice of protective viral antigens

The mere existence of circulating virus-specific T-cells does 
not mean they are protective, since viral antigens may be 
cross-presented by professional antigen-presenting cells 
even when absent or ineffectively presented by the infected 
cells themselves. Protective antigens are often virion pro-
teins, like hexon and penton of adenovirus and pp65 of CMV, 
or immediate early proteins that are presented by newly 
infected cells before they produce infectious virus or express 
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Figure 1 R elative frequency of viral infections after HSCT. 
Adv, adenovirus; BK, JC, KI, and WU (polyomaviruses); CMV, 
cytomegalovirus; H1N1, influenza strain Hemagglutinnin 1 
Neuraminidase 1); HHV, human herpes virus; HSCT, hematopoietic 
stem cell transplant; HSV, herpes simplex virus; RSV, respiratory 
syncytial virus; VZV, varicella zoster virus.
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their ubiquitous immune evasion genes.5,11–13 T-cells specific 
for immediate early antigens, like CMV-IE, should also elimi-
nate cells in which viruses reactivate from latency. For EBV, 
T-cells must recognize and kill proliferating B cells expressing 
latent cycle proteins but must also kill productively infected 
cells before their release of infectious virus. EBV-transformed 
B-cell line (EBV-LCL)-activated T-cells are protective but rec-
ognize a broad range of latent and early lytic cycle proteins, 
which tend to vary depending on the donor’s haplotype, and 
single antigens that provide protective immunity are yet to be 
identified. Our group is testing whether T-cells specific for the 
latency proteins, EBNA1 and LMP2, and the immediate early 
ZEBRA protein, are able to protect against EBV.14 For other 
viruses, protective antigens may be predicted, and tested in 
animal models if available, but they can be validated only in 
human clinical trials.

Problems with current manufacturing strategies

Several strategies for the manufacture of virus-specific T-cells 
have been described. The first studies used T-cells that had 
been activated and expanded in vitro to remove alloreac-
tive T-cells that could cause graft-versus-host disease, while 
increasing virus-specific T-cell number and effector functions to 
increase their speed of action. This T-cell activation and expan-
sion used cells infected with live viruses, namely CMV-infected 
fibroblasts and EBV-LCLs, as antigen-presenting cells.5,8 Sub-
sequently, EBV-LCLs were used as antigen-presenting cells 
to expand T cells specific for other viruses, since LCLs can be 
made from almost any donor, are available in unlimited num-
bers, and can be transduced with viral vectors to express and 
present heterologous viral antigens such as CMV-pp65 (see 
Figure 2).7 This approach, while effective, introduced undesir-
able pathogens (EBV) into the manufacturing process, which 

itself was extremely prolonged. The production time for EBV-
LCLs is about 6 weeks, while the cytotoxicT-cell lines required 
an additional 4 weeks of culture followed by 7–14 days for 
quality control testing. This timing is feasible for prophylaxis of 
viral infections, but inappropriate for reactive therapy. Finally, 
the approach was hard to scale; cytotoxicT-cell lines needed 
to be grown in 24-well plates, which introduces a risk of con-
tamination and does not satisfy good manufacturing practice 
requirements. Fortunately, strategies to remove live virus and 
viral vectors, shorten manufacturing time, and scale the cul-
ture conditions are now available.

Reducing the time for t-cell manufacture and eliminat-
ing viral vectors

Investigators have extracted antigen-specific T-cells directly 
from blood using HLA-peptide multimers,11,15 or by capturing 
cells that secrete γ-interferon in response to overnight antigen 
stimulation (γ-catch).16 Multimers select T-cells that recognize 
peptide epitopes in association with specific HLA alleles, an 
approach that is limited by their availability for a small number of 
HLA class I alleles. A phase 2 trial of streptamer-selected CMV-
specific T cells (Cytovir-CMV) is currently being sponsored by 
Cell Medica (London, UK). The γ-capture technique is more uni-
versal and can capture both CD4+ and CD8+ T-cells specific 
for multiple epitopes in any antigen, regardless of HLA pheno-
type. Both techniques are rapid and clinically effective, since 
small numbers of T-cells undergo massive expansion after infu-
sion and can reconstitute immunity to CMV, AdV, and EBV.17–20 
However, their broader use may be limited by the large blood 
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Figure 2 Time line for original (complex) manufacture of T-cells 
specific for cytomegalovirus (CMV), Epstein-Barr virus (EBV), 
and adenoviruses (AdV). Establishment of the lymphoblastoid cell 
line (LCL) used as the antigen-presenting cell takes about 6 weeks. 
Once the LCL is established, the cytotoxic T-cell line (CTL) is initiated. 
Peripheral blood mononuclear cells (PBMCs) are cultured overnight 
to activate monocytes that are then transduced with an adenovirus 
vector expressing the pp65 protein from CMV (Ad5f35-pp65).They 
are then cultured for 9 days during which time, T-cells specific for 
virion proteins of the AdV and its CMV-pp65 transgene are activated. 
On day 9 and weekly thereafter, the T cells are restimulated with 
the autologous EBV-LCL transduced with Ad5f35-pp65. Interleukin 
(IL)-2 is added twice weekly from day 14. Sufficient EBV-specific T 
cells remain in the culture on day 9 to be reactivated by the EBV-
LCL. After the third or fourth stimulation, sufficient T-cells specific for 
CMV, EBV, and AdV are cryopreserved for infusion and tested for 
sterility, identity by HLA typing, phenotype, lack of alloreactivity by 
Cr51 release assay, and specificity by γ-IFN ELIspot assay (a further 
7–10 days). HLA, human leukocyte antigen; QC, quality control.
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Figure 3 Time line for simplified manufacture of antigen-
specific T cells using plasmids or pepmixes. In the upper panel, 
peripheral blood mononuclear cells (PBMCs) are stimulated with 
autologous, mature dendritic cells nucleofected (Amaxa) with DNA 
plasmids expressing viral antigens.14 In the lower panel, PBMCs 
are directly stimulated with pepmixes (peptide libraries containing 
15mers overlapping by 11 amino acids). In both cases, cells are 
stimulated in the presence of interleukin (IL)-4 and IL-7 in G-Rex 
culture devices, and expanded for 9–14 days. The T cells are 
then cryopreserved and tested for sterility, identity by HLA typing, 
phenotype, lack of alloreactivity by Cr51 release assay, and specificity 
by γ-IFN ELIspot assay. CTL, cytotoxic T-cell line; DC, dendritic cell; 
HLA, human leukocyte antigen; QC, quality control.
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volumes required to rapidly select sufficient numbers of virus-
specific T-cells from unrelated donors, and by the low numbers 
of circulating T-cells specific for nonpersistent viruses.

Rapid expansion of virus-specific T-cells

Virus-specific memory T-cells undergo 2–3 logs of expansion 
after a single in vitro stimulation. Thus, as little as 20 ml of 
blood containing 105 virus-specific T-cells could yield 107 or 
108 virus-specific T-cells after 8–10 days, given appropriate 
stimulation and the right culture conditions. This expansion 
has been achieved by stimulation of peripheral blood mono-
nuclear cells with autologous dendritic cells nucleofected 
with plasmids expressing antigens for four different viruses 
(CMV, EBV, BK, and AdV),14 and expansion in highly scal-
able, gas permeable G-Rex culture devices (Wilson Wolf 
Manufacturing, Minneapolis, MN) (see Figure 3).21,22 Suffi-
cient virus-specific non-alloreactive T-cells could be infused 
within 10 days of culture initiation. This strategy is currently 
under clinical evaluation in an National Heart, Lung, and 
Blood Institute (NHLBI)-Production Assistance for Cellular 
Therapies (PACT)-sponsored study. In a further simplifica-
tion, virus-specific T-cells could be expanded by stimula-
tion of peripheral blood mononuclear cells with overlapping 
peptide libraries representing the entire protein sequences 
of specific viral antigens (Figure 3).23 Similar fold expansion 
was achieved without a requirement for dendritic cell man-
ufacture, shortening the procedure by 7 days.22 The small 
volumes of blood required for this manufacturing strategy 
could readily be stored from stem cell donors at the time of 
transplant and virus-specific T-cells could be manufactured 
prophylactically or at the first indication of virus reactivation 
or infection.

“Off the shelf” virus-specific T-cells

Haque and colleagues showed that partly HLA-matched third 
party EBV-specific T-cells produced a 65% response rate in 
post-transplant lymphoproliferative disease after solid organ 
transplantation, with a 42% complete response rate.24–26 
Similarly, O’Reilly and colleagues have used partially HLA-
matched EBV-targeted T-cells as treatment for EBV lym-
phoproliferative disease in allogeneic HSCT recipients and 
achieved complete or partial remissions in 68%.27,28 In a sec-
ond NHLBI-PACT–sponsored study, we used banks of third 
party T-cells specific for EBV, CMV, and AdVs in HSCT recipi-
ents and observed high response rates for all three viruses, 
which were achieved even when only a single HLA antigen 
was matched between the virus-specific line and third party 
recipient. Hence, these cells provide a stand alone off the 
shelf product that may also serve to gain time for the rapid 
manufacture of a patient-specific product.

Ancillary reagents for t-cell manufacture

The availability of clinical grade ancillary reagents, such as 
tissue culture medium, serum, cytokines, and peptides, for 
the manufacture of T-cells to be used in late phase trials 

may also pose a barrier. Research grade reagents can be 
used for phase 1 trials, provided they adhere to specific 
manufacturing and testing requirements as listed in the 
U.S. Pharmacopeia, Chapter 1043. For example, cytokines 
made in animal cells must undergo two viral exclusion tests. 
For phase 3 studies, however, the ability of the exclusion 
systems to eliminate virus must be documented. This holds 
true for other potential contaminants, such as solvents (see 
the International Conference on Harmonization document 
“Q3C (R4): Impurities: Guideline for Residual Solvents”). 
Optimal growth of T-cells requires culture in serum, typically 
fetal calf serum, from certified US herds, or human serum. 
These can be obtained, but are generally not marketed 
for clinical use. Manufacturers are beginning to step up to 
the plate. For example good manufacturing practice-grade 
cytokines are marketed by CellGenix (Freiburg, Germany) 
and Miltenyi (Bergisch Gladbach, Germany) and cell culture 
medium for good manufacturing practice is available from 
CellGenix and Lonza (Basel, Switzerland).

Acceptance of cell therapies as a standard treatment 
option

Resistance to the acceptance of patient-specific, complex 
biologics as standard of care by physicians, hospitals, and 
national and private payors must be overcome before they can 
be considered as serious options for patients. Among other 
considerations, this will require cost-effectiveness studies that 
compare the economics of short- and long-term toxicities and 
quality of life issues associated with standard chemoradio-
therapies with those of cellular therapies. As innovative cel-
lular therapies with lower toxicity and greater efficacy become 
available, there will be a marked shift towards these agents, 
driven as much by patient knowledge and demand (in an ever 
more internet-connected environment) as by physician prefer-
ence. Biotech is now taking serious notice of cell therapies as 
evidenced by the recent licensing of Provenge by Dendreon 
(Seattle, WA) and increasing interest and investment by other 
companies.
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