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BACKGROUND

Viral infections pose serious health risks in immunocompromised patients after 

hematopoietic stem cell transplantation (HSCT) and account for roughly 40% of transplant-

related mortality. Some of the most common post-HSCT viral infections include Epstein–

Barr virus (EBV), cytomegalovirus (CMV), and adenovirus.1 Available pharmacologic 

agents are not always effective and can be limited by toxicities, including myelosuppression 

and nephrotoxicity.2,3 Viral infections such as progressive multifocal leukoencephalopathy 

(PML) have no effective treatment beyond restoration of cellular immune function, which 

may not be possible for all patients, and further demonstrates the need for alternative 

treatment modalities.4 Virus-specific T cells (VSTs) have been used in many prior Phase 

1 and 2 clinical trials as a treatment for refractory viral infections. Most studies focused 

on treating and preventing CMV, EBV, and adenovirus, but recent clinical studies have 

evaluated the feasibility of targeting additional infectious diseases such as BK virus 

(BKV), JC virus, varicella zoster virus (VZV), human herpesvirus 6, and aspergillosis. 

Use of multivirus-specific T cells, which target multiple viral antigens during ex vivo 

expansion, has allowed simultaneous targeting of up to five viruses in a single product. 

Although autologous virus-specific T cells have been used in patients with EBV-associated 

malignancies, most studies have used allogeneic T cells derived from hematopoietic stem 

cell donors or third-party donors as an off-the-shelf product. Here, we review infectious 

diseases beyond CMV, EBV, and adenovirus that have been targeted by T-cell therapy in 

clinical trials in addition to diseases for which T-cell therapies are on the horizon but are still 

in preclinical development (Fig. 1).
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Moving beyond CMV, EBV, and adenovirus in the clinic

BKV and JC virus—BKV and JC virus are polyomaviruses that share sequence homology 

in immunogenic proteins, making them an ideal dual-purpose target.4 BKV causes nephritis 

and cystitis in patients following HSCT, while JC virus is a well-described cause of PML.4 

Baylor College of Medicine first reported the use of third-party BKV-specific T cells and 

reported no adverse events associated with T-cell infusion. All 16 patients treated for 

BKV-associated hemorrhagic cystitis achieved clinical benefit, 13 of which demonstrated 

complete resolution of gross hematuria.2

Muftuoglu et al.4 also reported patients with JC-associated PML treated with third-party 

VSTs. Three patients received one to four infusions, which resulted in clinical improvement 

and/or complete clearance of JC virus in the cerebrospinal fluid with detectable VST in the 

cerebrospinal fluid at Day 250.

Varicella zoster virus—VZV reactivation is common in patients following HSCT 

and can lead to disseminated varicella infections. Despite prophylactic treatment, 

immunosuppressed patients have a 6% to 8% risk for varicella reactivation. Ma et al.5 

utilized VZV-specific T cells for the prophylactic treatment of HSCT recipients. Eight of 

the 10 patients demonstrated immune reconstitution against VZV within 100 days after 

infusion, and there was no evidence of VZV reactivation in any patients after infusion. Of 

the 10 patient infusions, there was no acute infusion-related toxicity; however, three patients 

developed Grade II-IV graft-versus-host disease (GvHD).5

Human Herpesvirus 6—Human herpesvirus 6 (HHV-6) primary infection occurs in over 

90% of individuals before the age of 2 years, and reactivation occurs in 40% to 60% of 

HSCT recipients. HHV-6 reactivation is a cause of viral encephalitis in patients following 

HSCT, and has also been tied to risk of GvHD.6 Papadopoulou et al.3 evaluated the use 

of donor-derived pentaviral VSTs including HHV-6 through inclusion of HHV-6 antigens: 

immediate early (U90), early (U14), and late (U11). Of the 11 patients treated, two patients 

had multiple active infections that included HHV-6, and both were able to achieve complete 

clearance of HHV-6. None of the patients in this study developed immediate adverse events, 

and only one patient developed Grade II de novo GvHD 4 weeks after infusion.

A similar study examined the use of VSTs against HHV-6 in addition to BKV, CMV, EBV, 

and adenovirus using a third-party bank of pentavalent VSTs. Of 31 patients treated, three 

were treated specifically for HHV-6, two were rated as partial responses, and one was not 

evaluable. One patient developed recurrent Grade III GvHD, and five patients experienced 

recurrent or de novo grade I-II skin GvHD.2

Aspergillus—Aspergillosis is a potentially deadly fungal infection in 

immunocompromised patients. Due to proliferation of antigen-specific, interferon-γ–

producing T cells in patients who survive Aspergillus infections, Aspergillus-specific T cells 

were hypothesized to have potential therapeutic value for this infection. Perruchio et al.7 

treated 10 patients with Aspergillus-specific T cells and 27 with CMV-specific T cells. Nine 

of the 10 patients who received Aspergillus-specific T cells cleared invasive aspergillosis 

in approximately 8 weeks, and one patient died of progressive Aspergillus pneumonia at 2 

Fatic et al. Page 2

Transfusion. Author manuscript; available in PMC 2022 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



weeks after therapy. All treated patients received 1 × 106 cells/kg, and none developed acute 

or chronic GvHD.

PRECLINICAL TARGETS IN DEVELOPMENT

Human Parainfluenza Virus 3

Human parainfluenza virus-3 (HPIV-3) is a common cause of viral pneumonia in 

immunocompromised patients. In preclinical studies, it has been demonstrated that 

expansion of HPIV-3–specific VSTs is possible, with the HPIV-3 matrix protein showing 

immunodominance.8 HPIV-3–specific VSTs were polyfunctional having both interferon-γ 
(IFN-γ) and tumor necrosis factor-α (TNF-α) production with relatively low interleukin-10 

production. Intracellular cytokine staining suggested that responses to HPIV-3–specific 

responses were predominantly mediated by CD4+ T cells, with no significant cytokine 

release noted from the CD8+ population.8

Herpes simplex virus Type 1

Herpes simplex virus Type 1 (HSV-1) can cause cutaneous lesions or disseminated disease 

in immunocompromised patients. Drug-resistant strains of HSV-1 are most concerning in 

immune-deficient patients and reactivation may lead to systemic involvement, resulting in 

esophagitis, pneumonia, hepatitis, meningitis, encephalitis, and bone marrow suppression. 

Ma et al.9 assessed the feasibility of using HSV-1 immunodominant epitopes to generate 

HSV-1 VSTs. Human leukocyte antigen (HLA)-A1/A2 HSV-1 CD8 epitopes were isolated 

from HLA-A A1/A2-positive HSV-seropositive donors. The HSV-1–specific T cells were 

heavily dependent on secretion of IFN-γ and cytolytic function for complete clearance of 

local infection. More than 94% of HSV-1 VSTs evaluated secreted IFN-γ and TNF-α.

Zika virus

Complications of Zika infections cause both neurological and pregnancy-related ailments 

such as paralysis, miscarriages, and birth defects. With no specific therapeutics or 

preventatives, all treatments currently rely on symptom alleviation. To investigate T cells 

as a specific therapeutic, Hanajiri et al.10 reported that both seropositive and seronegative 

donors were able to generate Zika virus–specific T cells. The Zika VSTs were analyzed 

and found to have a fourfold increase in IFN-γ production compared to baseline. T cells 

stimulated with Zika peptides had notable up regulation of mRNA and protein expression 

levels relevant to cytotoxicity, chemotaxis, and inflammation. These were similar markers 

present in Barranquilla (Colombia) cohort samples collected 1 to 2 years after Zika virus 

infection.11

Mycobacteria

Mycobacterial infections are common in immunocompromised patients with T-cell 

deficiency. Patel et al.12 recently described feasibility of expanding mycobacterial-specific 

T cells from healthy donors. Immunodominant mycobacterial antigens were recognized by 

donors regardless of prior vaccination with bacillus Calmette-Guerin. Expanded T cells 

were predominantly CD4+ and T helper 1 skewed based on production of IFN-γ, TNF-

α, and granulocyte macrophage colony-stimulating factor. Though not clinically used to 
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date, mycobacteria-specific T cells may be a useful adjunctive treatment for mycobacterial 

infections in T-cell–deficient patients.

LIMITATIONS

Despite many promising early-phase clinical studies, many obstacles remain for expanding 

the clinical use of VSTs. With a few exceptions,13,14 generating VSTs requires donor 

immunity to the target(s) of interest.4 There is also significant cost, time, and regulatory 

burden for VST manufacturing.2 The use of third-party product banks may overcome 

many of these limitations, although there are currently no established algorithms for HLA 

matching of VST products and recipients, and existing selection methods rely entirely on 

expert experience.1

FUTURE DIRECTIONS

In recent VST clinical trial publications, it has been stressed that larger, controlled studies 

are needed to determine success rate, durability, and the longer-term adverse events 

associated with VST therapy.1,4 Comparative studies of manufacturing processes of VST 

generation will also aid in production standardization to develop accessible third-party VST 

banks. Moving forward, improved availability and broader pathogen targeting will enhance 

the applicability of adoptive T-cell therapy.
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BKV BK virus

CMV cytomegalovirus

EBV Epstein–Barr virus

GvHD graft-versus-host disease

HHV-6 human herpesvirus 6

HLA human leukocyte antigen

HPIV-3 human parainfluenza virus-3

HSCT hematopoietic stem cell transplantation

HSV-1 Herpes simplex virus Type 1

IFN-γ interferon-γ

PML progressive multifocal leukoencephalopathy
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TNF-α tumor necrosis factor-α

VSTs virus-specific T cells

VZV varicella zoster virus
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KEY IDEAS

• Virus-specific T cells allow targeting of multiple pathogens in patients after 

hematopoietic stem cell transplantation and have demonstrated potential 

efficacy for cytomegalovirus, Epstein–Barr Virus, and adenovirus.

• Novel targets may include BK virus, JC virus, varicella zoster virus, human 

herpesvirus 6, Aspergillus, human parainfluenza virus-3, herpes simplex virus 

Type I, Zika virus, and mycobacteria.

• Generation of patient-specific products and third-party products may expand 

feasibility of therapy.
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Fig. 1. 
Virus-specific T cells and the commonly targeted viruses: CMV, EBV, AdV versus novel 

targets: BKV, JCV, VZV, HHV6, Aspergillus.
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