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Abstract

Purpose of Review Infectious diseases contribute significantly to morbidity and mortality in recipients of allogeneic
haematopoietic stem cell transplantation (aHSCT), particularly in the era of highly immunosuppressive transplant regimens
and alternate donor transplants. Delayed cellular immune recovery is a major mechanism for the increased risk in these patients.
Adoptive cell therapy with ex vivo manipulated pathogen-specific T cells (PSTs) is increasingly taking its place as a treatment
strategy using donor-derived or third party—banked cells.

Recent Findings The majority of clinical trial data in the form of early-phase studies has been in the prophylaxis or treatment of
cytomegalovirus (CMV), Epstein-Barr virus (EBV) and adenovirus (AdV). Advancements in methods to select and enrich PSTs
offer the opportunity to target the less common viral pathogens as well as fungi with this technology. Early clinical studies of
PSTs targeting polyomaviruses (BK virus and JC virus), human herpesvirus 6 (HHV6), varicella zoster virus (VZV) and
Aspergillus spp. have shown promising results in small numbers of patients. Other potential targets include herpes simplex virus
(HSV), respiratory viruses and other invasive fungal species.

Summary In this review, we describe the burden of disease of this wider spectrum of pathogens, the progress in the development
of manufacturing capability, early clinical results and the opportunities and challenges for implementation in the clinic.

Keywords Haemopoietic stem cell transplantation - Adoptive immunotherapy - Virus-specific T cells - Fungus-specific T cells -
Pathogen-specific T cells - Immune reconstitution

Introduction haematological malignancies and bone marrow failure syn-
dromes despite the many promising advances in targeted ther-
apies. Immunosuppression through pre-transplant condition-

ing regimens and in the post-transplant setting results in

Allogeneic haematopoietic stem cell transplantation (aHSCT)
remains the only curative treatment for a number of
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significant morbidity and mortality from opportunistic infec-
tions [1]. Post-transplant immune reconstitution is complex
and modulated by donor, recipient and iatrogenic factors.
Whilst innate immunity takes between 1 and 3 months to
recover, adaptive immunity can take 1 year or more [2]. The
resulting B and T cell lymphopenia renders the transplant re-
cipient vulnerable to opportunistic infections, viral and fungal
infections in particular. Infection is a leading cause of
transplant-related mortality [3, 4].

The use of prolonged immunosuppressive medications re-
mains a mainstay of treatment to prevent graft failure and
control graft versus host disease (GvHD). In recent years,
there have been increasing numbers of less well-matched
transplants, such as haploidentical, human leukocyte antigen
(HLA)-mismatched and umbilical cord blood (UCB) trans-
plants [5]. These have necessitated longer periods of more
intense immunosuppression, as well as an increase in the use
of T cell depletion agents such as anti-thymocyte globulin
(ATG), in order to reduce morbidity associated with the in-
creased incidence and severity of GVHD in these patients. The
direct relationship between T cell depletion and increased in-
cidence of opportunistic infections has been well demonstrat-
ed [6-8].

Conventional antiviral and antifungal pharmacother-
apies have many limitations including drug toxicity and
the emergence of resistant organisms. Ganciclovir and its
oral PEGylated form valganciclovir have been shown to
cause pancytopenia in 31% and neutropenia in 20% of
bone marrow transplant patients [9, 10]. Foscarnet and
cidofovir both cause significant nephrotoxicity. Antifungal
agents such as amphotericin B, azoles and echinocandins
have adverse effects on renal and hepatic function. They
have interactions with other commonly used medications
in this patient group and are usually required to be given
for longer periods of time than antiviral therapies. The
incidence of antiviral and antifungal resistance is rising,
and chronic infection has been linked to T cell exhaustion
[11, 12]. Additionally, a number of opportunistic viral and
fungal infections do not have effective pharmacological
treatments.

Adoptive cell therapy through the transfer of T cells that are
specific to viral and fungal antigens from donor to recipient
has been explored as a treatment strategy to promote rapid
cellular immune recovery following aHSCT, primarily in the
treatment of cytomegalovirus (CMV), Epstein-Barr virus
(EBV) and adenovirus. In this review, we explore the devel-
opment and use of pathogen-specific T cells in a wider spec-
trum of pathogen targets, including human herpesvirus 6
(HHV®6), herpes simplex virus (HSV), varicella zoster virus
(VZV), polyomaviruses (BK and JC virus), respiratory viruses
and fungi (Aspergillus, Candida and Rhizopus spp.). We also
address evolving methods of cell manufacture, and areas for
future research.
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Immune Reconstitution Post Transplantation

The profound immunosuppression experienced by patients
following aHSCT is a direct effect of chemotherapy given to
attain remission prior to transplant, and pre-transplant condi-
tioning regimens. There is heterogeneity in these regimens, as
well as in a large number of clinical variables including patient
factors (age, prior treatment, comorbidities, indication for
transplant) [13], stem cell source [14], donor type [15], the
use of T cell depletion strategies and post-transplant immuno-
suppression [16—18]. These factors are important determi-
nants of the pace of immune recovery following transplant.
Despite this heterogeneity, there is a consistent pattern of cel-
lular immune reconstitution observed in the majority of pa-
tients [2]. Understanding this pattern allows for correlation
with infections that might occur in higher frequencies during
certain post-transplant periods and for the design of specific
targeted therapies.

T cell-mediated immunity shows the most prolonged post-
transplant recovery course and occurs by two main mecha-
nisms. In contrast to B cells, mature T cells are transferred in
the graft and persist through the conditioning process [19].
Early T cell reconstitution occurs via the peripheral expansion
of these cells, mediated by elevated levels of cytokines IL-7
and IL-15 and a relatively decreased level of T regulatory
(Treg) cells [20, 21]. The memory T cells generated in this
manner have a limited T cell receptor (TCR) repertoire depen-
dent on previous donor antigen exposure. The second mech-
anism of T cell reconstitution involves de novo differentiation
of naive T cells from donor stem cells and subsequent thymic
maturation. The development of a broad TCR repertoire, mat-
uration of a CD4" T cell compartment including functional
Treg cells and removal of alloreactive T cells can take 4—
6 years [22, 23]. This is delayed by involution of the thymus
in older individuals and myeloablative conditioning regimens
which markedly reduce thymic activity in the first 6 months
post transplantation [24], resulting in an increased risk of in-
fections and an increased incidence of GvHD.

Disease Burden of Opportunistic Pathogens
in the Post-transplant Period

The kinetics of immune recovery correlates with the range and
timing of infectious complications following transplant. The
first month following aHSCT is associated with an increased
risk of infections by bacteria and Candida spp. due to defects
in innate immunity and loss of mucosal barriers. Following
this, viral and fungal infections predominate, with persistent T
cell defects the major contributor to both early (<100 days)
and late (> 100 days) infectious complications [2]. Infections
account for 15-30% of deaths in the early post-transplant
period and 10-40% of deaths in the late post-transplant period
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[25]. Although less common than viral or bacterial infections,
invasive fungal infections are responsible for the majority of
deaths related to infection (50-80%) [25]. In addition to
transplant-related mortality directly attributable to infection,
it is estimated that infections contribute to up to 70-80% of
other causes of non-relapse mortality [4] and significant mor-
bidity in the post-transplant period.

Varicella Zoster Virus

VZV is a human-specific x-herpesvirus with ubiquitous sero-
positivity in the community. Primary varicella infection
(chicken pox) usually occurs in childhood and results in life-
long latent infection. Viral replication occurs in a variety of
cells including dendritic cells, keratinocytes and neurons to
elicit a predominantly Thl cell-mediated cellular immune re-
sponse. Following the period of primary infection, the virus
establishes dormancy of the neurons of the dorsal root ganglia
[26]. Reactivation results in herpes zoster (shingles) and is
associated with a painful dermatomal rash, often complicated
by chronic post-herpetic neuralgia. A more severe primary
infection or disseminated reactivation of VZV can frequently
affect immunocompromised patients with significant morbid-
ity and mortality. Herpes zoster occurs in up to 30% of patients
following aHSCT, with prophylaxis with an antiviral such as
acyclovir considered standard of care for at least 12 months,
reducing this risk to 5-10% [27]. Despite this, a risk of reac-
tivation in the second year post aHSCT remained 8.8% in one
study [28] and was 6.1% even in those who continued pro-
phylaxis into the second year until immunosuppression had
ceased. An inactivated recombinant subunit-adjuvanted VZV
vaccine has recently been developed, demonstrating high im-
munogenicity in kidney transplant recipients, but it has yet to
be evaluated in recipients of aHSCT [29].

Human Herpesvirus 6

HHV6 is a [3-herpesvirus that exists as two species, HHV6A
and HHV6B, with 75-95% of common nucleotide sequences
[30]. Primary infection occurs in >90% of individuals before
the age of 2 years and is associated with an acute febrile illness
and viral exanthem. Whilst immune control is thought to be
predominantly Th2 cell-mediated, a low-level humoral re-
sponse in the feto-maternal transfer of passive HHV6-
specific IgG is thought to contribute to lower levels of primary
infection in children 3-9 months of age [31]. Latency is
established in a variety of tissues including monocytes, T cells
and salivary glands [32]. HHV6 reactivation occurs in > 50%
of aHSCT patients post transplantation, with clinically signif-
icant manifestations including encephalitis, myocarditis,
pneumonitis and bone marrow suppression [33, 34]. Viral
reactivation has been shown to be associated with
myeloablative regimens [35], and a higher risk of clinically

severe, life-threatening disease is associated with UCB and
haploidentical transplants, T cell depletion and active GvHD
[36]. Pharmacotherapy with antiviral agents such as cidofovir,
ganciclovir and foscamet has shown control against viraemia,
but the effect of these agents on mortality is unknown [37].

Herpes Simplex Virus

Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2,
respectively) are highly prevalent oc-herpesviruses that pri-
marily affect the oral and genital mucosa, respectively, pri-
or to establishing latency in the cell bodies of local inner-
vating neurons [38]. Prior to the routine use of prophylactic
acyclovir, viral reactivation and reinfection occurred in up
to 70% of patients post aHSCT [39]. HSV-1 has a signifi-
cant risk for systemic involvement in the immunocompro-
mised host, with a diverse range of clinical manifestations,
including meningoencephalitis, pneumonia, hepatitis,
oesophagitis and bone marrow suppression [40]. Immune
control and viral latency are reliant on a cellular immune
response, with HSV-specific CD8" T cells secreting IFN-y
activated early after the onset of infection [41].
Additionally, the cytolytic effects of CD8" T cells are pos-
tulated to be important in clearing local infection [42].
Therefore, patients with impaired cellular immunity are at
a significantly increased risk of developing disseminated
infection. Despite routine HSV prophylaxis with acyclovir,
an estimated 15-20% of aHSCT recipients will demon-
strate detectable HSV infection [43, 44]. Furthermore, the
emergence and increasing prevalence of drug-resistant
HSV in 28-45% of isolates has a significant impact on
aHSCT mortality rates [45, 46]. Alternative antiviral phar-
macotherapies carry the same problems with adverse ef-
fects as previously outlined. Several vaccines against pri-
marily HSV-2 have shown promising virus-specific im-
mune responses in animals, but this has not translated into
human trials, leading to their early termination [38].
Although there is future scope for an effective vaccine
solution for the general population, vaccines are less likely
to induce adequate immune responses in the
immunosuppressed.

Polyomaviruses

BK and JC polyomaviruses (BKV and JCV, respectively) are
small non-enveloped dsDNA viruses, representing two of the
13 known human polyomavirus species. Like the herpesvi-
ruses, BKV and JCV infection is common but these viruses
rarely cause clinical manifestations in immunocompetent
hosts. In the immunosuppressed host, BKV is associated with
haemorrhagic cystitis in the aHSCT setting and nephropathy
post renal transplantation. JCV causes a progressive multifo-
cal leukoencephalopathy (PML) post transplantation which
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has a > 80% mortality rate and few treatment options [47]. BK
virus—related haemorrhagic cystitis occurs in up to 25% of
paediatric and 54% of adult aHSCT recipients [48], whereby
a triad of dysuria with urothelial damage, high-level BK
viruria and haemorrhagic inflammation occurs following stem
cell engraftment [49]. Myeloablative conditioning, unrelated
donor grafts and acute GvHD are risk factors for developing
BK virus—related haemorrhagic cystitis [50, 51]. There are
currently no effective prophylactic therapies to prevent BK
haemorrhagic cystitis with a recent randomised study showing
no preventative effect in using fluoroquinolones [52].
Treatment of BK haemorrhagic cystitis often involves
prolonged IV administration of cidofovir, a nucleotide ana-
logue with a long half-life and significant adverse effects of
nephrotoxicity [53]. Together with high nursing requirements,
urological interventions and transfusion support to control
bleeding, the management of BK haemorrhagic cystitis leads
to significant patient morbidity [51].

Respiratory Viruses: Influenza and Respiratory
Syncytial Virus

Respiratory syncytial virus (RSV) is a medium-sized
enveloped RNA virus of the Paramyxoviridae family
whilst influenza viruses are single-stranded RNA viruses
of the Orthomyxoviridae family. Influenza A and B are
responsible for the majority of human infections with an-
tigenicity based on the haemagglutinin and neuraminidase
membrane glycoproteins. These viruses are commonly sea-
sonally acquired, affecting up to 20% of aHSCT recipients
and resulting in significant morbidity and poor survival
[54-56]. During the pandemic HIN1 influenza outbreak,
30% of all hospitalised influenza patients with haemato-
logical malignancy required ICU admission with high in-
patient mortality [57]. Rapid progression from upper to
lower respiratory tract infection is often complicated by
secondary bacterial infection, mechanical ventilation, ad-
mission to intensive care unit and increased mortality [54,
55, 57]. Lymphopenia, increased age, GvHD and mis-
matched unrelated donors are known risk factors for pro-
gression to lower respiratory tract infection [58, 59]. The
current main pharmacotherapy for influenza is oseltamivir,
a neuraminidase inhibitor which can prevent the progres-
sion to pneumonia and reduce viral shedding. It requires
early administration in the infective period and can induce
drug resistance [57, 59]. For RSV infection, ribavirin with
or without an immunomodulator can reduce the rate of
progression to pneumonia [55]. Overall, the most impor-
tant aspect in the care of immunocompromised patients
with RSV or influenza is early recognition and supportive
care. Seasonal influenza vaccinations are recommended
annually, but vaccine responses can be inadequate in the
early post-aHSCT period [60, 61].
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Invasive Fungal Infections: Aspergillus, Candida
and Rhizopus

Infection with invasive moulds (Aspergillus spp. and
Rhizopus spp.) and yeasts (Candida spp.) occurs in up to
10% of aHSCT recipients with associated high mortality
rates [62, 63]. Aspergillus species are the most common
cause of invasive fungal infection (IFT) in aHSCT, whereby
inhalational exposure to air-borne conidia in the setting of
neutropenia and innate immune deficiency leads to inva-
sive pulmonary aspergillosis. Rhizopus species cause
rhino-orbital-cerebral mucormycosis, and invasive
Candida yeasts are frequently observed with a concerning
emergence of drug-resistant non-Candida albicans spp.
seen [64, 65]. Recipients of aHSCT are a well-recognised
high-risk group for IFIs with the most vulnerable risk pe-
riod being pre-engraftment or during post-engraftment
GvHD [62]. In addition to mortality rates exceeding 50%,
the development of IFI leads to prolonged hospital admis-
sions, intensive care unit stays and increased health care
costs [62, 66]. Antifungal prophylaxis with a mould-active
agent such as posaconazole or voriconazole is recommend-
ed in high-risk groups; however, breakthrough IFIs often
occur. Emergence of rare drug-resistant non-Aspergillus
moulds has been observed, and an overall mortality benefit
for the use of antifungal prophylaxis has not been shown
[67, 68]. The diagnostic work-up for IFIs is currently chal-
lenging and imprecise, resulting in the extended use of
empirical antifungal agents which are expensive as well
as toxic [66, 69]. Given these considerations, alternative
therapies for the management of IFIs in the immunodefi-
cient host are clearly needed.

Multipathogen Infections

Infection with multiple pathogens (viral, bacterial or fun-
gal), either concurrently or sequentially, contributes signif-
icantly to the cumulative infectious burden following
aHSCT [70]. The detection of four or more double-
stranded viruses at any time within the early period follow-
ing aHSCT is associated with poor patient survival [70].
CMYV co-infection is frequently observed following
aHSCT and a recognised risk factor for pulmonary
Aspergillus infection, BK haemorrhagic cystitis and RSV
respiratory tract infection, although the additional impact
of CMYV to the infection is unknown [63, 71]. Lower re-
spiratory tract viral infections also predispose patients to
secondary pulmonary aspergillosis, and viral co-infection
is diagnosed in up to 40% of pulmonary IFIs [72].
Managing multiple infectious pathogens in hosts with mul-
tiple immune deficits requires a more innovative approach
than current single-pathogen targeted pharmacotherapies.
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Adoptive T Cell Therapy for Immune
Reconstitution

Adoptive T cell therapy is a mechanism to induce rapid recon-
stitution of pathogen-specific, T cell-mediated immunity and
has been shown to be safe and effective in the treatment of
CMYV, EBV and adenovirus (AdV) infections in early-phase
studies [73—-77]. In one study limited to patients who had
failed conventional antiviral therapies, the majority of patients
(93%) achieved complete virological control with pathogen-
specific T cells (PSTs) [74].

Whilst a large number of small studies have been per-
formed on the clinical use of adoptively transferred PSTs in
EBV, CMV and AdV infections, there are very few of a wider
array of pathogens (Table 1). In the 25 years since the first
reports of the use of antigen-specific T cells for immune re-
constitution [85-90], there have been major advances in
manufacturing methodologies, facilitating the broadening of
antigen targets to less common opportunistic pathogens.
These are summarised in Tables 2 and 3.

Manufacturing methods of the ACT product utilise either
ex Vivo expansion or ex vivo isolation or a combination of
both. The former relies on ex vivo tissue culture to produce
cell numbers in the range for therapeutic use, whilst the latter
assumes in vivo expansion of much smaller numbers of iso-
lated cells in the presence of antigen in the recipient. The
majority of methods rely on ex vivo stimulation, activation
and expansion of antigen-specific T cells. This requires an
antigen source with or without a specialised antigen-
presenting cell. Live or attenuated virus, virus-infected cells
or lysates, vectors, plasmids or peptide mixes have been used
as the stimulating antigen by various groups. Some of these
require knowledge of immunogenic epitopes and HLA spec-
ificity of the immune response. For the extended pathogen
spectrum, this information is largely unavailable so antigen
sources have included therapeutic vaccines (seasonal influen-
za vaccine [93] or live attenuated varicella vaccine [92]), over-
lapping peptide mixes (RSV [96¢], BKV [91, 94] and HHV6
[80¢¢]) or individual epitopes (HSV [95]) that expose T cells to
an array of epitopes. Gene modification methods have also
been used, such as transfection of antigen-presenting cells
with viral vectors containing target virus DNA [81, 103], or
nucleofection of plasmids containing viral DNA [76].

The search for appropriate epitopes for fungal infections is
more challenging due to the complexity of fungal pathogens
and the large number of potentially immunogenic proteins.
This has been addressed by the use of fungal lysates. There
is significant cross-reactivity of the cellular immune response
in some pathogens [104]. A combination of fungal lysates
from Aspergillus, Candida and Rhizopus species has been
shown to cross-react with Fusarium and Lomentospora
(Scedosporium) species [101]. This raises the possibility that
fungus-specific T cells could be protective against or treat

multiple fungal infections. Despite promising pre-clinical re-
sults, there has been only one published clinical study on the
safety and efficacy of ACT in humans [78]. This study showed
that Aspergillus fumigatus-specific T cell therapy was safe to
use without significant toxicity or GvHD post aHSCT and
contributed to a higher rate of clinical resolution of invasive
Aspergillus infection when used in combination with conven-
tional pharmacotherapies, compared to those therapies alone.
Other good manufacturing practice (GMP)—compliant
methods for generating Aspergillus-specific T cells have since
been described [97, 100, 102], and a GMP-compliant com-
mercial A. fumigatus water-soluble lysate has become avail-
able. Clinical trials using these methods are underway
(ACTRN12618001540202, EudraCT no. 2013-002914-11).

Antigen stimulation—independent ex vivo direct isolation
methods such as major histocompatibility complex (MHC)
multimer/streptamer selection have not been extensively
utilised outside of EBV, CMV and AdV due to the limited
knowledge of epitopes in the extended pathogen spectrum.
Moreover, these methods are limited largely to MHC class
I/CD8" T cell responses, a disadvantage in pathogens whose
immune response is largely mediated through MHC class 11/
CD4" T cells (fungi and some viruses, including BKV and
JCV). As more is understood of the immune response and
MHC class IT multimers become more widely available, this
approach may become more feasible.

Cytokine capture is an alternative method of isolating PSTs
using magnetic beads ex vivo to select cytokine-producing T
cells following in vivo antigen stimulation. The benefit of this
strategy is that it selects both CD4" and CD8&* PSTs if whole
antigen sources (such as overlapping libraries of peptides) are
used [105]. Beyond CMYV, EBV and AdV, this method has
been used in the treatment of BKV [83].

Recipient-Specific Manufacture Versus Cell Banking

The first studies of adoptive T cell therapy used donor-derived
cells which were autologous to the engrafted haemopoietic
system [86, 89, 90] and were seen to persist in the recipient
for many years [106]. In some cases, transferred clones were
able to respond to antigen with expansion of transferred cells
seen in the peripheral blood at the time of viral reactivation
[107]. Time-of-need or advance manufacture of donor-derived
PST products is costly and labour-intensive, requiring a
unique product for each donor-recipient pair. Donors may be
required to undergo multiple cell donations and generally need
to be seropositive for the pathogen target. Advances in pro-
cesses in the last 25 years have significantly shortened
manufacturing times to approximately 2 weeks [76]. Despite
this, for a number of pathogens in the extended spectrum
(polyomaviruses, invasive fungal infections), effective thera-
py needs to be commenced as soon as possible to minimise
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mortality and significant end-organ damage, rendering this
method of manufacture less feasible in the clinical setting.

Third-party donor-derived cell banks have been developed
as a more readily available source of partially HLA-matched
PSTs in trials mainly targeting CMV, EBV and adenovirus
[75, 80ee, 84]. Whilst these appear safe and effective in the
setting of salvage for established viral infections, their long-
term persistence is not well understood. Nonetheless, it ap-
pears that they result in control of viral infection in recipients
over a follow-up period of at least 12 months [74]. For the
extended pathogen spectrum, third party—banked cells hold
several potential advantages, including ready availability in
the infrequent event of clinical need, the ability to manufacture
and characterise products for ideal product choice when need-
ed and the ability to target donors of appropriate serostatus or
HLA type in advance. A recent phase II study has utilised
banked PSTs specific to a number of viral infections including
BKV and HHV6 [84], and a phase II study using banked
BKV-specific PSTs reported promising preliminary results in
10 patients and is ongoing [82]. Outside the scope of
haematopoietic stem cell transplantation, third party—banked
cells have potential applicability against pathogen targets fol-
lowing solid organ transplants, where donor-derived cells are
not available or unsuitable due to HLA mismatch [108—110].

The limitations of third-party cell banks include a higher
theoretical risk of GvHD which has, not to date, been demon-
strated in practice; the logistical planning and resource cost of
generation of the bank; and the need for a representative pop-
ulation of donors that cover common HLA subtypes, with the
possibility of a suitable product not being available for a par-
ticular patient. A recent study has shown that it is possible to
locally generate a third-party cell bank to provide a suitable
partially matched HLA product against CMV, EBV and AdV
to >90% of aHSCT patients in that same population using
only 30 donors [111¢]. A multicentre study [75] used a similar
number of banked cell lines to effectively treat severe CMV,
EBV and AdV post aHSCT.

In the wider spectrum of pathogens addressed by this re-
view, the establishment of third-party cell banks would benefit
from an improved understanding of immunodominant HLA
types for these pathogens. Selection of third-party PST prod-
ucts is based on the level of HLA match with the patient whilst
also taking into consideration if the pathogen-specific activity
is mediated through shared HLA antigens [111¢]. T cell re-
sponses against CMV and EBV are highly predictable with
individuals typically displaying strong responses to a limited
number of epitopes of known HLA restriction [112, 113]. This
simplifies the characterisation of T cell products which can be
screened with commercially available MHC tetramers or
assessed for activity against individual peptides using assays
to detect cytotoxic activity or cytokine production.

Mapping responses to specific HLAs can be attempted by
assessing activity against antigen preparations using HLA

blocking antibodies or by comparing responses to antigens
presented by HLA-matched and HLA-mismatched target
cells. However, confirmation of HLA restriction can be com-
plicated by a lack of suitable blocking antibodies,
alloreactivity to mismatched targets and promiscuity of
CD4" T cells to multiple MHC class I HLA loci. To simplify
HLA mapping, tools such as single HLA-expressing cell lines
may prove to be a valuable resource [114]. Another approach
for antigens with a large number of potential epitopes is to use
prediction algorithms to identify candidate peptides with a
high probability of binding to specific HLA types [115].

Conclusions and Future Directions

Infectious disease morbidity remains high in recipients of
aHSCT, and adoptive cell therapy with PSTs is increasingly
recognised as a modality for both treatment of the infection
and repair of the underlying immune deficit. Investigations of
a wider spectrum of viral and fungal pathogens as targets for
adoptive cell therapies are underway. The last 25 years have
seen advancement and innovation in the manufacture and en-
richment of PSTs. However, their application is still limited by
logistics and time-consuming, labour-intensive enrichment pro-
cedures. Off-the-shelf third-party cells are promising and ad-
dress a number of these challenges, but their clinical efficacy
has yet to be shown in randomised studies. The persistence of
infused third-party cells and their role in the generation of adap-
tive immunity post transplantation remains uncharacterised and
is an area for future study. There is scope for expansion of
knowledge in understanding of antigen targets in the broader
array of opportunistic pathogens both in deepening the under-
standing of the ways T cells target infections and in the potential
development of multimer/streptamer direct isolation methods
for pathogens in the wider spectrum. The development of in-
frastructure for manufacture and distribution of cellular thera-
pies in the wider context offers the opportunity for centralised
manufacture for PSTs for a number of pathogens that could be
distributed at the time of clinical need.
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