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Abstract 
 
Defects in T-cell immunity to SARS-CoV-2 have been linked to an increased risk of severe COVID-19 (even after 
vaccination), persistent viral shedding and the emergence of more virulent viral variants. To address this T-cell deficit, we 
sought to prepare and cryopreserve banks of virus-specific T cells, which would be available as a partially HLA-matched, 
off-the-shelf product for immediate therapeutic use. By interrogating the peripheral blood of healthy convalescent 
donors, we identified immunodominant and protective T-cell target antigens, and generated and characterized polyclonal 
virus-specific T-cell lines with activity against multiple clinically important SARS-CoV-2 variants (including ‘delta’ and 
‘omicron’). The feasibility of making and safely utilizing such virus-specific T cells clinically was assessed by administering 
partially HLA-matched, third-party, cryopreserved SARS-CoV-2-specific T cells (ALVR109) in combination with other 
antiviral agents to four individuals who were hospitalized with COVID-19. This study establishes the feasibility of preparing 
and delivering off-the-shelf, SARS-CoV-2-directed, virus-specific T cells to patients with COVID-19 and supports the 
clinical use of these products outside of the profoundly immune compromised setting (ClinicalTrials.gov number, 
NCT04401410). 
 

Introduction 
The impact of coronavirus disease 2019 (COVID-19) has 
been profound with more than 625,000,000 confirmed 
cases worldwide and emerging variants continuing to be a 
cause of global concern. Although substantial efforts have 
been made to develop preventative vaccines that induce 
protective humoral immunity, defects in the cellular arm 
of the immune response, including dysregulated and dim-
inished T-cell function and trafficking, have been impli-
cated as risks for severe illness despite vaccination.1-13 
Furthermore, immunodeficiency has been identified as a 
risk factor for infection by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) and severe disease, and 
has also been linked to persistent viral shedding, which has 
been shown to select for “fitter” viral variants.14-17 
One way to prevent severe disease in those at highest risk 
of COVID-19 would be to prepare and cryopreserve banks 
of virus-specific T-cell (VST) lines from convalescent 
healthy donors18-24 which would be available as a partially 
HLA-matched product for immediate use. Our group has 

demonstrated the feasibility, safety and efficacy of “off-
the-shelf”, third-party VST reactive against otherwise re-
sistant Epstein-Barr virus, cytomegalovirus, adenovirus, 
BK virus and human herpes virus-6 in patients who are 
profoundly immunocompromised after an allogeneic 
hematopoietic stem cell transplant.25-27 Our phase II trial 
showed that partially HLA-matched VST adoptively trans-
ferred to patients with infection or reactivation of these 
viruses achieved a 92% response rate.26 
To explore the therapeutic potential of a SARS-CoV-2-tar-
geted product we sought to identify immunogenic T-cell 
antigens to target with our VST by examining the peripheral 
blood of convalescent individuals. Of the 18 SARS-CoV-2 
structural and non-structural/accessory proteins (NSP/AP) 
examined, we identified five that were immunodominant 
and that we advanced to clinical VST manufacturing. We 
now report on the profile of the ex vivo-expanded VST gen-
erated (ALVR109), their potential to target emerging viral 
variants (including delta and omicron), and on their clinical 
use in four hospitalized COVID-19 patients at our center to 
whom these cells were administered.  
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Methods  
Donors and cell lines 
Peripheral blood mononuclear cells (PBMC) were obtained 
from convalescent healthy volunteers with a history of 
SARS-CoV-2 infection (confirmed by polymerase chain re-
action analysis) following informed consent using Baylor 
College of Medicine (BCM) Institutional Review Board-ap-
proved protocols (H-7666, H-45118) and were used to gen-
erate phytohemagglutinin-activated blasts and 
SARS-CoV-2-VST. The phytohemagglutinin-activated 
blasts were generated as previously reported and cultured 
in T-cell medium (45% RPMI 1640 [HyClone Laboratories, 
Logan, UT, USA], 45% Click medium [Irvine Scientific, 
Santa Ana, CA, USA], 2 mM GlutaMAX TM-I [Life Tech-
nologies, Grand Island, NY, USA], and 10% human AB 
serum [Valley Biomedical, Winchester, VA, USA]) supple-
mented with 100 U/mL interleukin 2 (IL2; Proleukin® [al-
desleukin], TCH, Houston, TX, USA), which was replenished 
every 2 days. 

Generation of SARS-CoV-2 virus-specific T cells  
Pepmixes 
For generation and immunodominance studies of VST, pep-
mixes (15mers overlapping by 11 amino acids) spanning 
SARS-CoV-2-derived structural (S, M, N, E), accessory (7A, 
7B, 8) (JPT Peptide Technologies, Berlin, Germany) and non-
structural proteins (NSP 1, 3, 4, 5, 6, 10, 12, 13, 14, 15, and 16) 
(Genemed Synthesis, San Antonio, TX, USA) were syn-
thesized. Lyophilized pepmixes were reconstituted in di-
methylsulfoxide (DMSO) (Sigma-Aldrich) and stored at 
-80°C. For SARS-CoV-2 variant studies pepmixes spanning 
S from each variant (alpha, beta, gamma, delta, epsilon, 
kappa and omicron variants) or peptides (15mers overlap-
ping by 11 amino acids) spanning individual mutated se-
quences and their wildtype equivalents (D614G, 69/70del, 
P681H, K417N, K417T, E484K, E484Q, N501Y, P681R, L452R) 
(Genemed Synthesis) were generated.  
 
Generation of virus-specific T cells  
For preclinical studies SARS-CoV-2-VST were generated 
by culturing PBMC (1.25x107) in a G-Rex5 (Wilson Wolf 
Manufacturing Corporation, St. Paul, MN, USA) with 50 mL 
of VST medium (90% TexMACS™ GMP medium [Miltenyi 
Biotec, GmbH], 2 mM GlutaMAX, and 10% human AB serum 
supplemented with IL7 [20 ng/mL], IL4 [800 U/mL] [R&D 
Systems, Minneapolis, MN, USA]) and pepmixes (2 ng/pep-
tide/mL) and cultured for 10-16 days at 37°C in 5% CO2. 
For clinical production, VST received a second stimulation 
with irradiated, autologous, pepmix-pulsed PBMC as 
antigen-presenting cells (4:1 APC:VST) and were cultured 
in IL-2-supplemented medium (100 U/mL). The VST lines 
were checked for identity, phenotype and sterility, and 
cryopreserved prior to administration. All cell culture ma-

nipulations were carried out in the Center for Cell and 
Gene Therapy GMP facility using current standard oper-
ating procedures. Products that met study-specific re-
lease criteria were released for clinical use. 
Full details on VST phenotypic and functional character-
ization can be found in the Online Supplementary Ma-
terials. 

Clinical trial 
Patients hospitalized with COVID-19 (proven by polyme-
rase chain reaction analysis), and with at least two Center 
for Disease Control and Prevention-defined risk factors 
for progression to severe COVID-19 disease were eligible 
to participate in a protocol that was conducted under an 
application for an investigational new drug cleared by the 
Food and Drug Administration with approval from the Bay-
lor College of Medicine Institutional Review Board (H-
47739, NCT 04401410). Key risk factors were: age ≥60 
years, obesity (body mass index ≥30), after hematopoietic 
stem cell transplantation or solid organ transplantation, 
diabetes, and cancer diagnosis on active treatment (within 
3 months of last therapy). Additional details on the clinical 
trial design can be found in the Online Supplementary Ma-
terials. 

Statistical analysis  
Descriptive statistics were calculated to summarize pre-
clinical data and clinical characteristics. Where applicable, 
statistical significance was evaluated by a two-tailed 
paired t test (P<0.05). Details can be found in the Online 
Supplementary Materials. 

Results 
Immunogenicity of SARS-CoV-2-derived antigens 
To characterize the cellular immune response to SARS-
CoV-2, we examined the T-cell response of infected 
healthy individuals (confirmed by polymerase chain reac-
tion from a nasopharyngeal swab) who had cleared the 
virus without requiring hospitalization. In these individuals 
we assessed T-cell activity directed against all four struc-
tural proteins (spike [S], membrane [M], envelope [E], nu-
cleocapsid [N]) and 14 NSP/AP (1, 3, 4, 5, 6, 7a, 7b, 8, 10, 12, 
13, 14, 15 and 16). This was done by exposing PBMC from 
16 donors to pepmixes (15mer peptides overlapping by 11 
amino acids) spanning each of the individual target 
antigens and evaluating the frequency of IFNγ-producing 
antigen-specific T cells in their PBMC by ELIspot assay.  
While most donors responded to S (n=16; median: 127.5; 
range, 26-602 spot-forming cells [SFC]/5x105 PBMC), M 
(n=14; median: 82; range, 8-319) and N (n=15; median: 58; 
range, 6-328), activity to E and the NSP/AP was weak/un-
detectable, as summarized in Online Supplementary Table 
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S1 (left panel) and Figure 1A. To investigate whether the 
paucity of T cells reactive with E and NSP/AP in peripheral 
blood was due to the limited immunogenicity of the 
antigens or simply reflected a frequency of circulating T 
cells below the ELIspot detection threshold, we per-
formed a single in vitro stimulation designed to selectively 
amplify SARS-CoV-2-specific T cells. Thus, we exposed 
PBMC to a mastermix of the SARS-CoV-2 peptide libraries 
followed by an expansion period of 10-16 days. Sub-
sequently, we repeated our IFNγ ELIspot and, as shown in 
Figure 1B, we detected increased activity, allowing us to 
establish a hierarchy of immunodominance based on the 
frequency of responding donors and magnitude of reactive 
cells (Online Supplementary Table S1, right panel). Overall, 
all donors recognized at least three antigens and 87.5% 
recognized five or more antigens with S, N, M, AP7a and 
NSP4 identified as immunodominant and hence advanced 
for clinical VST manufacturing.  

SARS-CoV-2-specific T cells are polyclonal  
To generate VST that were enriched for activity against our 
immunodominant target antigens, we exposed donor 
PBMC to a mastermix of pepmixes spanning S, N, M, AP7a 
and NSP4 followed by expansion for 10-16 days (Figure 1C). 
This resulted in a mean 7.3±0.8-fold increase in total cell 
numbers (Figure 1D), which were enriched for T cells re-
active against the stimulating antigens (Figure 1E). One of 
the objectives of our approach was to generate a VST 
product that was polyclonal, representing broad T-cell re-
ceptor (TCR) diversity. We first examined the phenotypic 
profile of the expanded cells, which were predominantly 
CD3+ T cells (95.5±0.7%), representing a mixture of helper 
cells (CD4+; 77.5±3.0%) and cytotoxic cells (CD8+; 
17.5±2.4%), expressing central memory markers 
(CD45RO+/CD62L+; 57.2±5.0%) and effector memory 
markers (CD45RO+/CD62L–; 25.3±5.0%); and were acti-
vated based on upregulation of CD28 and CD69 
(65.0±6.0% and 26.3±4.3%, respectively) (Figure 1F). We 
further confirmed the TCR diversity present in our VST by 
assessing the TCR vβ repertoire using a flow cytometric 
panel that detects more than 70% of all available vβ 
chains. As shown in Figure 1G (representative donor [left] 
and summary data [right]) all measurable vβ families were 
present in these ex vivo-expanded cells. 

SARS-CoV-2-specific T cells are Th1-polarized, 
polyfunctional and kill virus-loaded targets but do not 
exhibit alloreactivity 
To examine whether VST reactivity against S, N, M, AP7a 
and NSP4 was mediated by CD4+, CD8+, or both T-cell 
subsets, we performed intracellular cytokine staining, gat-
ing on CD4+ and CD8+ IFNγ-producing cells. T-cell activity 
was detected predominantly in the CD4+ compartment, 
with a minor CD8 response (Figure 2A, representative 

donor [left] and summary data [right]). As the production 
of multiple pro-inflammatory cytokines and effector mol-
ecules correlates with enhanced cytolytic function and 
improved in vivo activity,28,29 we additionally evaluated the 
production of the Th1 cytokines TNFα and granulocyte-
macrophage colony-stimulating factor (GM-CSF) and 
other pro-inflammatory chemokines and effector mol-
ecules, including MIP-1α, MIP-1β, and granzyme B, in re-
sponse to antigenic stimulation.  
SARS-CoV-2 antigen-reactive T cells produced Th1-polar-
ized/pro-inflammatory effector molecules including GM-
CSF, TNFα, MIP-1α, MIP-1β, and granzyme B but not IL6 or 
IL10, as measured by Luminex and Granzyme-B ELIspot 
(Figure 2B, C). Furthermore, intracellular cytokine staining 
and multiparametric FluoroSPOT demonstrated that the 
majority (>60%) of all IFNγ-producing cells also produced 
TNFα (Figure 2D, representative donor [left] and summary 
data [right]) and/or granzyme B (Figure 2E, Online Supple-
mentary Figure S1). Thus, our expanded SARS-CoV-2-spe-
cific T-cell lines were polyclonal, Th1-polarized, and 
polyfunctional. To investigate the cytolytic potential of 
these VST in vitro, we co-cultured SARS-CoV-2-specific T 
cells with 51Cr-labeled, peptide-loaded autologous phy-
tohemagglutinin-activated blasts. As shown in Figure 2F, 
SARS-CoV-2-loaded targets were specifically recognized 
and lysed by our expanded VST (80:1 effector:target ratio: 
35.3±6.6%, n=16). Finally, there was no evidence of activity 
against non-infected autologous targets nor of alloreac-
tivity (graft-versus-host potential) using allogeneic phy-
tohemagglutinin-stimulated blasts as targets (Figure 2G), 
an important consideration if these cells are to be admin-
istered to individuals including transplant patients with 
COVID-19 who are at risk of disease progression. 

Variant coverage 
Our VST were generated using pepmixes spanning S, N, M, 
AP7a and NSP4, which were synthesized based on the 
parental strain (NC_045512.2). To address whether our 
cells were able to target emerging clinically important viral 
variants we examined the cross-reactive potential of the 
cells against alpha (B.1.1.7), beta (B.1.351), gamma (P.1), ep-
silon (B.1.429), kappa (B.1.617.1), delta (B.1.617.2) and 
omicron (B.1.1.529) strains. In these assessments, we spe-
cifically focused on Spike, which is the most mutated 
antigen across the different variants with 0.3-1.0% se-
quence variation. Given the polyclonality and TCR diversity 
of our product we predicted that our cells would be able 
to react to each of the variants and indeed, when we ex-
posed our VST to variant-derived S sequences we saw ac-
tivity at a level that was not significantly different from 
that induced against the stimulating (parental) sequence 
(P>0.05) (Figure 3A). We next assessed specific cross-re-
activity of the T-cell response at the epitope level. To do 
this we identified a cohort of mutated sequences present 
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in the viral variant strains (Figure 3B, Online Supplemen-
tary Figure S2) and generated a panel of individual pep-
tides incorporating these mutated sequences and their 
wildtype counterparts. Additionally, we generated pep-
tides spanning immunogenic epitopes in parts of Spike 
that were conserved across all sequences, which we 
called unique immunogenic epitopes and which served as 
positive controls in our assays (Online Supplementary Fig-
ure S2). Figure 3C shows results from a representative 
donor who had a strong response to Spike antigen and 
two unique immunogenic epitopes (black bars). When we 
investigated reactivity to variant peptides we saw that 
some mutations had no impact on immunogenicity 
(shown in green - 69/70 del, P681H, N501Y) while others 
abrogated peptide recognition (shown in yellow - P681R, 
D614G). Results from 16 donors tested are summarized in 
Figure 3D. Of note, each donor retained activity against 
unique immunogenic epitopes and to multiple mutated 
Spike peptides. Ultimately, these VST also targeted four 
additional viral antigens, thereby minimizing the potential 
risk of immune escape from our therapy.30 

Feasibility of administering “off-the-shelf”, 
virus-specific T cells to patients with COVID-19 
We prepared a bank of 15 VST lines for clinical use (see 
Online Supplementary Table S2 for VST characteristics). 
Four hospitalized patients with COVID-19 who met proto-
col eligibility criteria were referred for participation in this 
clinical trial. Low-resolution HLA-typing was conducted 
on the patients with results available within 48 hours in 
all cases. We were able to identify and infuse a suitably 
HLA-matched VST line for all four referrals (100%) within 
8 to 72 hours after referral. The infused VST were matched 
at 2/8 to 5/8 of the recipients’ HLA alleles (Online Supple-
mentary Table S3). Patients infused had a baseline World 
Health Organization ordinal score of 3 to 4 (Table 1) and 
had symptoms for 5-14 days prior to receipt of VST. These 
patients were all at high risk of disease progression due 
to the presence of risk factors including cancer, prior 
hematopoietic stem cell transplant, age, hypertension 
and/or diabetes. They were concomitantly receiving other 
standard-of-care therapies including corticosteroids, 

remdesivir and convalescent plasma but were ineligible 
for monoclonal antibody therapy as they were hospital-
ized. None had been vaccinated. As summarized in Online 
Supplementary Table S4 there were no immediate post-
infusion toxicities and none of the patients developed 
graft-versus-host disease. One patient (#4) developed 
grade III cytokine release syndrome 13 days after infusion, 
which was transient in nature and most likely related to 
COVID-19 progression rather than to VST. Patients #1, #2 
and #4 achieved complete resolution of infection while 
patient #3 had transient disease improvement, followed 
by COVID-19 progression and death approximately 5 
weeks after VST. As shown in Figure 4 we observed a sig-
nificant increase in the frequency of SARS-CoV-2-reactive 
T cells after infusion in all four patients, accompanied by 
detection of infused VST (as assessed by TCR deep se-
quencing analysis) for up to 6 months following VST treat-
ment. By comparing TCR clonotypes detected against a 
publicly available COVID-TCR database (immunoSEQ T-
MAP/COVID) we were able to confirm SARS-CoV-2-antigen 
specificity of line-derived clones in all patients (Online 
Supplementary Table S5). 

Discussion 
In this study, we characterized the cellular T-cell immune 
response to 18 structural and non-structural proteins en-
coded by SARS-CoV-2 and established a hierarchy of im-
munodominance based on the profile of T-cell activity 
detected in 16 healthy convalescent individuals. Of these 
proteins, three structural (S, M, and N) and two non-
structural (NSP4 and AP7a) were advanced to clinical VST 
manufacturing. Our intent was to produce VST that were 
polyclonal (mix of CD4+ and CD8+ T cells), that were di-
verse with respect to TCR repertoire and that recognized 
multiple epitopes within antigens expressed at different 
stages of the life cycle of the virus, thereby minimizing 
the risk of immune escape. Indeed, the ex vivo-expanded 
cells induced using this cohort of antigens were Th1-po-
larized, produced multiple effector molecules, killed 
antigen-loaded targets and were able to recognize the 

Figure 1. Immunogenicity of SARS-CoV-2-derived antigens, target antigen selection, specificity and polyclonality of ex vivo-
expanded SARS-CoV-2-specific T cells. (A, B) Reactivity against 18 SARS-CoV-2-derived antigens tested in peripheral blood 
mononuclear cells (A) and ex vivo-expanded SARS-CoV-2-VST (B) of 16 convalescent donors as measured by IFNγ ELIspot using 
all 18 antigens as a stimulus. Data are shown in box plots as spot-forming cells (SFC); mean and median values are indicated. 
(C) Schematic of the ALVR109 manufacturing process using the five selected immunodominant antigens. (D-G) Characterization 
of ex vivo-expanded SARS-CoV-2-VST. (D) Fold expansion. (E) Specificity as measured by IFNγ ELIspot for 16 lines generated using 
all five antigens as a stimulus. Data are shown as SFC ± standard error of mean (SEM) and each color represents an individual 
antigenic specificity. (F) Phenotype and memory/activation profile. Data are shown in box plots; mean and median values are 
indicated. (G) T-cell receptor vβ repertoire of ex vivo-expanded SARS-CoV-2-VST; representative donor (left) and summary data 
are shown as mean ± SEM (right). SFC: spot-forming cell; IFNγ: interferon gamma; S: spike; E: envelope; M: membrane; N: 
nucleocapsid; PBMC: peripheral blood mononuclear cells; IL: interleukin; AP: accessory protein; TEM: effector memory T cells; 
TCM: central memory T cells; TEMRA: terminally differentiated effector memory T cells;  TCR: T-cell receptor; VST: virus-specific 
T cells; SARS-CoV-2; severe acute respiratory syndrome coronavirus-2.
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parental SARS-CoV-2 strain as well as an array of variant 
strains including delta and omicron. We have also demon-
strated the feasibility of translating these VST to high-risk 
COVID-19 patients, with clinical experience both at our 
center and by other groups who have utilized these banked 
VST under emergency investigational new drug applica-
tions.31 In our cohort of four patients, we observed the ex-
pansion of SARS-CoV-2-reactive T cells after infusion and 
the persistence of our cells for up to 6 months. 
There is emerging evidence that deficiencies in T-cell im-
munity render SARS-CoV-2-infected individuals at in-
creased risk of disease progression and COVID-19-related 
death.12,13,17 This signature initially emerged in the pre-vac-
cine era, with hospitalized patients presenting with severe 
lymphopenia that was most pronounced in critically ill pa-
tients in the Intensive Care Unit and in whom residual T 
cells exhibited an exhausted/terminally differentiated 
phenotype.1-7,32-36 Even in the post-vaccine era, patients 
with underlying immune compromise including those re-
ceiving cancer treatment, immunosuppressive agents 
such as high-dose corticosteroids and TNF blockers,11,37 as 
well as recipients of solid-organ and stem cell trans-
plants, mount poor immune responses to the vaccine.8-11 
Thus, despite the availability of agents that effectively 
prevent serious infections in the immunocompetent host, 
there remains a need for effective and safe therapeutic 
agents to treat vulnerable individuals. 
In developing our SARS-CoV-2-targeted T-cell therapy we 
sought to mirror the cellular immune landscape present 
in convalescent (never hospitalized) individuals whose en-
dogenous T cells were apparently protective.18-20,38 Hence, 
we initiated our studies by interrogating the circulating 
memory T-cell response in these recovered individuals to 
identify which antigens were most frequently recognized 
and induced the highest frequency of IFNγ-producing T 
cells, with the objective of advancing the top candidates 
for VST manufacturing and clinical testing. To prepare a 
clinical product that would effectively target any viral 
strain and prevent the emergence of immune escape vari-
ants, we generated VST that recognized multiple immu-
nogenic structural and non-structural proteins. In 
addition, to preserve the breadth of antigen/epitope spe-
cificities present in the circulating memory T-cell pool of 

our convalescent donors, we stimulated donor PBMC with 
overlapping peptide libraries (15mers overlapping by 11 
amino acids that contain all possible HLA class I epitopes 
and many class II) spanning our target antigens. Thus, the 
resultant VST were polyclonal, and recognized multiple 
epitopes within multiple antigens. This is in contrast to 
traditional peptide-based platforms, which typically rely 
on stimulation with selected epitopes, resulting in VST 
that can be used only in a subset of individuals bearing 
the relevant restricting HLA allele(s).39 We selectively en-
riched for polyclonal SARS-CoV-2-VST by culture in 
medium supplemented with the pro-inflammatory/sur-
vival cytokines IL4 and IL7, which we have previously 
shown to selectively promote the expansion and survival 
of both CD4+ and CD8+ VST recognizing multiple epi-
topes.40 This combination should favor the subsequent 
sustained expansion of transferred cells in vivo. Notably, 
this breadth of activity – at both the antigen and epitope 
level – conferred our VST the ability to react with all clini-
cally important viral variants that have emerged to date, 
including the delta and omicron strains. 
 We administered our VST to four patients who were hos-
pitalized with COVID-19 and at high risk of disease pro-
gression. VST treatment was not accompanied by clinically 
relevant alloreactivity as we saw no graft-versus-host dis-
ease. One patient did develop transient grade III cytokine 
release syndrome 13 days after infusion; this was con-
sidered likely to be secondary to COVID-19. All recipients 
had a significant increase in the frequency of VST after in-
fusion, accompanied by detection of the transferred cells, 
which were confirmed to be COVID-specific, for as long 
as 6 months. Furthermore, three of the four infused pa-
tients achieved complete resolution of infection. The po-
tential of these VST to address viral variants was also 
clinically confirmed in a heart transplant recipient with 
recalcitrant COVID-19 due to SARS-CoV-2 delta strain who 
failed to respond to remdesivir, corticosteroids, and to-
cilizumab, but proved clinically and virologically respon-
sive to ALVR109 cells administered as an emergency 
investigational new drug.31  
Our group has a long history of preparing and clinically 
utilizing partially HLA-matched VST targeting viruses, in-
cluding cytomegalovirus, Epstein-Barr virus, adenovirus, 

Figure 2. Ex vivo-expanded SARS-CoV-2-VST are Th1-polarized, polyfunctional and specifically kill virus-loaded targets. (A) 
SARS-CoV-2-directed IFNγ production detected within the CD4+ and CD8+ compartments by ICS; representative donor (left) and 
summary data shown as mean ± standard error of mean (SEM) (right). (B, C) Th1-polarized effector molecule production by 
SARS-CoV-2-VST as measured by Luminex (B) and Granzyme B ELIspot (C). ELIspot data have been normalized to background 
levels and are shown as SFC ± SEM. (D, E) Simultaneous production of multiple effector molecules by SARS-CoV-2-VST as 
measured by intracellular cytokine staining (D): representative donor [left] and summary data [right]) and multi-parametric 
FluoroSpot analysis (E). (F, G) Specific lysis of virus-expressing targets by SARS-CoV-2-VST (F) and lack of cytolytic activity 
against autologous or allogeneic targets (G). *Statistically significant differences (P<0.05). SARS-CoV-2; severe acute respiratory 
syndrome coronavirus-2; IFNγ: interferon gamma; GM-CSF; granulocyte-macrophage colony-stimulating factor; TNFα: tumor 
necrosis factor alpha; MIP: macrophage inflammatory protein; IL: interleukin; SFC: spot-forming cells; S: spike; M: membrane; 
N: nucleocapsid; GrB: granzyme B; PBMC: peripheral blood mononuclear cells; PHA: phytohemagglutinin; E:T: effector to target 
ratio; VST: virus-specific T cell.
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BK virus and human herpes virus-6, for the treatment of 
refractory viral infections in allogeneic hematopoietic 
stem cell transplant recipients.25-27,41,42 However, this study 
establishes the feasibility of preparing and delivering off-
the-shelf, SARS-CoV-2-directed VST to patients with 
COVID-19. In addition it is the first in which VST are used 
to address a public health issue afflicting other vulnerable 
groups, including the elderly, the very young and those 

with underlying conditions.34,36,43 These VST can be rapidly 
and efficiently produced in scalable quantities, with ex-
cellent long-term stability, so they are suited for clinical 
use in high-risk individuals in immediate need of thera-
peutic intervention.   
 
Disclosures 
SV, MK and YV are consultants to AlloVir. BJG owns QBRegu-

Figure 3. Ex vivo-expanded SARS-COV-2-VST provide coverage against clinically important viral variants. (A) SARS-CoV-2-VST 
generated against the parental strain maintain Spike-directed reactivity against all variant strains as measured by IFNγ ELIspot. 
Data are shown as spot-forming cells (SFC) ± standard error of mean (SEM). (B) Selected mutations of the Spike protein and 
their prevalence among the different viral variants. (C) Example of a representative donor with a strong response to Spike antigen 
and the two unique immunogenic epitopes and varying levels of reactivity against variant peptides, as shown by IFNγ ELIspot. 
Data are reported as SFC ± SEM. (D) Summary results of all 16 donors tested. Each donor retains activity against unique 
immunogenic epitopes and to multiple mutated Spike peptides. SFC: spike-forming cells; IFNγ: interferon gamma; SARS-CoV-2; 
severe acute respiratory syndrome coronavirus-2; UIE: unique immunogenic epitope; WT: wildtype; Var: variant; ID: identity; VST: 
virus-specific T cell.

Pt ID Sex
Age,  
years

Risk  
factors

VST  
dose

N  of matched 
HLA alleles

Other 
treatments

WHO score  
at baseline

Clinical  
outcomes

1 F 67
Age 

Hodgkin lymphoma 
Diabetes

1x107 5/8
Steroids, remdesivir, 
convalescent plasma

4
Recovered, discharged 

D7

2 F 70
Age 

Hypertension
1x107 4/8

Steroids, remdesivir, 
convalescent plasma

4
Recovered, discharged 

D6

3 F 50
CNS lymphoma 
Post auto-SCT

1x107 2/8 Steroids 3

Died, initial recovery fol-
lowed by progression on 
D26 due to worsening 

COVID-19

4 M 52
CML 

Post allo-SCT
2x107 2/8 Steroids, remdesivir 3

Recovered, transferred 
to outside facility D9

Table 1. Clinical summary of the enrolled patients.

Pt ID: patients’ identification; VST: virus-specific T cells; HLA: human leukocyte antigen; WHO; World Health Organization; F: female; M: male; 
D: day; CNS; central nervous system; auto: autologous; allo; allogeneic; SCT: stem cell transplantation; CML: chronic myeloid leukemia; 
COVID-19: coronavirus disease-2019. 

Figure 4. Detection of SARS-CoV-2-reactive T cells before and after infusion in the four infused patients. Specific cells are 
measured by ELIspot using the five targeted antigens as a stimulus. Results are reported as spot-forming cells ± standard error 
of mean and each color represents an individual antigenic specificity. In addition, the red arrows indicate each time point at 
which T-cell receptor deep sequencing confirmed the presence of infused virus-specific T cells in the patients. SFC: spot-
forming cells; D1: day 1; Wk: week; Mo: month; N: nucleocapsid; M: membrane; S: spike; TCR: T-cell receptor.  
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CMR and MKB have stock and other ownership interests with 
Coya, Bluebird Bio, Tessa Therapeutics, Marker Therapeutics, 
AlloVir, Walking Fish, Allogene Therapeutics, Memgen, Kuur 
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peutics, Abintus Bio; have consulting or advisory roles with 
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