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The outbreak of coronavirus disease 2019 (COVID-19) has disproportionately affected patients with comor-
bidities, including recipients of solid organ and hematopoietic stem cell transplants (SCT). Upon recovery
from COVID-19, the degree of the immunological protection from reinfection remains unclear. Here we
describe a 33-year-old patient with erythropoietic protoporphyria (EPP) who had undergone liver transplan-

Key Words: tation with splenectomy followed by allogeneic SCT in 2013 after an initial failed liver and umbilical cord
gg\(;lrg“’]'g”ses transplant. The patient developed mild upper respiratory symptoms in the spring of 2020 and was found to

organ transplant have anti-SARS-CoV2 antibodies suggesting past infection. A comprehensive analysis of T cell functionality in
T cells peripheral blood from this patient revealed robust in vitro responses against SARS CoV2 antigens Spike
(S) 1 and 2, membrane (M) and nucleoprotein (NP), comparable to the reactivity against common antigens
from CMV, EBV, Ad and BK viruses, while only low reactivity was seen in healthy donors without
documented history of COVID-19. Moreover, the patient displayed a marked recognition of counterpart
antigens from related human coronaviruses (hCoVs) 229E, 0C43, NL63 and HKU1. Thus, despite lifelong
immunosuppression, this survivor of COVID-19 retained a remarkable degree of immunocompetence and
showed broad-spectrum T cell memory specific for SARS-CoV2 and related hCoVs including less studied
hCoV M and NP antigens. The study highlights the role of cellular immunity after natural COVID-19 infection,
suggesting broader use of T cell assays as a tool for risk stratification, measurement of immunocompetence
and/or post-infection or post-vaccination protection, and possible T cell-based adoptive immunotherapy
strategies in high-risk patients.
© 2021 Published by Elsevier Inc. on behalf of International Society for Cell & Gene Therapy.

Introduction years post-transplant [1,2]. Among liver transplant recipients,

high hospitalization rates and an overall case fatality ratio of

The ongoing coronavirus disease 2019 (COVID-19) pandemic
has disproportionately affected older adults and individuals with
comorbidities, including solid organ transplant (SOT) and hemato-
poietic stem cell transplant (SCT) recipients. These patients typi-
cally have complex underlying medical conditions affecting
multiple organs, and in the case of SOT recipients, lifelong immu-
nosuppression is required to prevent graft loss. Consequently,
COVID-19 has had devastating yet highly variable outcomes in a
reported series of SOT recipients, including subjects over 10
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12-30% have been reported in European cohorts [3,4]. Although
the severe and fatal cases of COVID-19 attract the most attention,
the spectrum of this disease predominantly includes fully recov-
ered survivors with relatively mild infection courses even among
highly vulnerable subjects with comorbidities, including trans-
plant recipients. Healthy survivors of COVID-19 develop variable
degrees of post-infection humoral immunity evidenced by the
presence of antibodies against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) antigens upon serological testing [5].

Although cellular adaptive immunity against COVID-19 medi-
ated by T cells is less understood, emerging data suggest that
T-cell responses may be long-lived and crucial in mediating pro-
tection against reinfection, possibly well beyond the period of
seropositivity [6—10]. The extent and magnitude of humoral and

1465-3249/© 2021 Published by Elsevier Inc. on behalf of International Society for Cell & Gene Therapy.
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cellular immunity in vulnerable transplant recipients who survive
COVID-19 remain poorly characterized [11]. Here the authors
report the case of an SOT and bone marrow transplant recipient
with evidence of SARS-CoV-2 infection. The authors performed a
comprehensive analysis of in vitro T-cell responses to SARS-CoV-2
and other viruses via microculture prime/expansion methodology
previously developed in the authors’ laboratory as a measure of
immunocompetence in subjects with John Cunningham virus-
associated progressive multifocal leukoencephalopathy [12,13].
This technique expands even the rare memory precursors from
seropositive subjects and was originally used at a large scale for
generation of clinical-grade virus-specific T cells targeting simul-
taneously multiple epitopes for adoptive immunotherapy applica-
tion. The ability to target common latent viruses, including
cytomegalovirus (CMV), Epstein—Barr virus (EBV), adenovirus
(AdV) and BK virus, was evaluated and compared with responses
against the immunodominant antigens from SARS-CoV-2 to
understand COVID-19-induced post-infection immunological
memory in the context of overall anti-viral immunity in this life-
long immunosuppressed patient. Furthermore, the authors stud-
ied the responses against structurally related counterpart
antigens from non-SARS human coronaviruses (hCoVs) 229E,
0C43, NL63 and HKU1, which are commonplace respiratory
pathogens associated with self-limiting upper respiratory tract
infections (“common cold”) in healthy individuals but capable
of causing serious lower respiratory tract infections and pro-
longed shedding in vulnerable subjects with comorbidities
[14—16]. T-cell responses against those viruses have not been
well characterized.

Methods
Sample collection and cryopreservation

Peripheral blood was collected after obtaining informed consent
from health care workers (healthy donors) and patients with hema-
tological disorders with and without documented history of COVID-
19 under the Columbia University Medical Center Institutional
Review Board-approved study of T-cell immunity against CoVs.
Peripheral blood mononuclear cells (PBMCs) were isolated using gra-
dient separation and cryopreserved in CryoStor CS10 freezing
medium (STEMCELL Technologies, Vancouver, Canada). For this anal-
ysis, samples from the three randomly selected seronegative health
care workers were used as controls.

In vitro T-cell expansion and measurement of anti-viral activity

Membrane (M) and nucleocapsid protein (NP) peptide libraries
(peptide mixes) derived from hCoVs 229E, 0C43, NL63 and HKU1
were custom synthesized at 70% purity (peptides & elephants GmbH,
Hennigsdorf, Germany). All other peptide mixes were purchased
from commercial vendors (JPT Peptide Technologies GmbH, Berlin,
Germany, and Miltenyi Biotec, Bergisch Gladbach, Germany). Cryo-
preserved PBMCs were thawed and pulsed with peptide libraries
(final concentration of 1 ug/mL) and cultured in AIM V medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
inactivated 5% human serum and IL-7 at 10 ng/mL (PeproTech, Rocky
Hill, NJ, USA) in 96-well U-bottom plates. Fresh medium supple-
mented with IL-7 and IL-2 at 30 IU/mL (PeproTech) was replenished
every 3 days. On day 14, the expanded T cells were restimulated
with cognate peptide mixes for 6 h in the presence of brefeldin A and
monensin A (BD Biosciences, San Jose, CA, USA) per the manufac-
turer’s instructions. Intracellular cytokine staining was performed
using a BD Cytofix/Cytoperm kit (BD Biosciences) following the man-
ufacturer’s instructions and measured by flow cytometry. The follow-
ing surface markers and cytokines were evaluated: viability (Vivid;

Invitrogen, Waltham, MA, USA) and CD3, CD4, CD8, TNFq, IFN-y, IL-2
and granzyme B (BioLegend, San Diego, CA, USA). Flow cytometry
results were analyzed using Flow]o software (BD Biosciences).

Case Presentation

The patient is a 33-year-old male with erythropoietic protoporphyria
(EPP), originally diagnosed at the age of 5. EPP is an inborn deficiency of
ferrochelatase in which protoporphyrin accumulates within the bone
marrow and hepatocytes, causing direct hepatobiliary toxicity [17]. The
patient developed liver cirrhosis at the age of 18 despite medical manage-
ment with hemin and plasmapheresis. Consequently, in 2010 he under-
went liver transplantation at the age of 20, but the hepatic damage from
EPP recurred. Two years later, the patient underwent a double cord allo-
geneic SCT with the intention of preventing further liver injury. However,
SCT was unsuccessful because of primary graft failure. Over the next 3
years, the patient experienced gradual progression of liver disease with
the development of portal hypertension and hypersplenism, further exac-
erbating pancytopenia. In 2013, the patient received a second orthotopic
liver transplant with splenectomy followed by a second allogeneic SCT 5
months later. The donor for the second SCT was his HLA-matched sibling,
and the conditioning regimen included fludarabine, melphalan and alem-
tuzumab. Protoporphyrin levels, liver enzymes and blood counts normal-
ized following simultaneous transplantation. The post-SCT course was
complicated by CMV and EBV reactivations, respiratory syncytial virus
and several bacterial infections. A single episode of acute cellular rejection
occurred approximately 18 months after orthotopic liver transplant but
was successfully controlled with steroids and mycophenolate. By 2020,
the patient was stable on tacrolimus alone.

On routine follow-up in November 2020, and after recalling a mild
upper respiratory illness in the spring of 2020, the patient was found to
have positive anti-SARS-CoV-2 nucleocapsid protein antibodies. No
polymerase chain reaction was performed at the time of his respiratory
symptoms.

After the patient provided informed consent, peripheral blood
samples were obtained. Thawed PBMCs were primed with peptide
mixes spanning the full length of the viral antigens and cultured for
14 days in medium containing IL-7 and IL-2. Antigen specificity for
the resulting T-cell populations was tested upon restimulation with
cognate viral antigens. First, the authors tested immune responses
against a panel of viral pathogens that commonly affect immunocom-
promised transplant recipients. The following targets were evalu-
ated: CMV pp65 and IE-1, BK large T and viral protein 1, EBV BZLF1
and EBNA1 and AdV penton (Ad5). Antigen-specific polyfunctional
cytokine release was observed within both CD4" and CD8* compart-
ments, depending on the viral target, in what was likely a donor-spe-
cific pattern (Figure 1). The authors found robust reactivity against
both CMV antigens, BK large T and viral protein 1 and AdV penton.
However, less potent reactivity specific for the two tested EBV pep-
tide mixes was seen. Overall, the authors concluded that this complex
patient with a history of SOT, splenectomy and allogeneic SCT
retained a remarkable degree of immunocompetence.

Next, the authors evaluated T-cell responses against the immuno-
dominant structural proteins from SARS-CoV-2, including spike (S) 1
and 2, M and NP. Surprisingly, the authors observed remarkable
activity against all studied anti-genic targets, especially within the
CD4" T-cell compartment (Figure 2A,B), whereas very little activity
was seen in randomly selected otherwise healthy seronegative health
care workers (Figure 2C). The highest reactivity was seen against S2
(26.9%) followed by NP (13.53%), M (12.47%) and S1 (11.73%). Thus,
the magnitude of the observed reactivity was comparable to the
well-documented immunodominant components of CMV and BK
virus (Figure 1), indicating development of robust multi-epitope-
specific post-infection cellular immunity, despite active immunosup-
pression. Since SARS-CoV-2 is a beta-CoV, the authors hypothesized
that the post-COVID-19 immunity might extend to other related
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Figure 1. Reactivity of in vitro-expanded T cells against immunodominant antigens of CMV, EBV, BKV and AdV. PBMCs were stimulated with the indicated peptide mixes and cul-
tured for 14 days in the presence of IL-7 and IL-2. At the end of the expansion, the resulting cell cultures were restimulated with cognate antigens in the presence of brefeldin A and
monensin A. Cells were stained for surface markers and intracellular cytokines using a BD Cytofix/Cytoperm intracellular staining kit and analyzed by flow cytometry. Unrelated
peptide library was used as negative control. (A) Intracellular secretion of TNF-« and IL-2 in CD4* and CD8" T cells. (B) Frequency of CD3* T cells recognizing each indicated viral tar-
get in CD4" and CD8* T-cell (CD3") compartments. Ad5, AdV penton; BKV, BK virus; Ctrl, control; LT, large T; VP1, viral protein 1.

members of the hCoV family. Therefore, the authors evaluated
immune responses against beta-hCoVs 0C43 and HKU1 as well as
alpha-hCoVs 229E and NL63. Indeed, upon testing against the custom
synthesized panel of peptide libraries, marked immunological reac-
tivity was observed against S1, S2, NP and M antigens from all evalu-
ated hCoVs, with the most profound responses revealed in the CD4"
T-cell compartment targeting the NP antigen (range, 9.64—14.1%) fol-
lowed by S1 (range, 10.1-6.31%) (Figure 2A,B,D), whereas relatively
lower activity was seen in seronegative healthy donors (Figure 2C,
D). Activity within the CD8" T-cell compartment was seen against NP
and M antigens derived from alpha-hCoVs 229E and NL63, but only
minimal activity was seen against beta-hCoVs, pointing to the inher-
ent differences in immunogenicity between these pathogens. Fur-
thermore, the SARS-CoV-2-specific CD4" T cells from this patient
retained significant polyfunctionality, including robust ability to
secrete IL-2, a feature associated with long-term persistence and lack
of exhaustion. Although the subject appeared to be highly capable of
mounting immune responses against all tested hCoVs, the magnitude
of reactivity was lower than the responses against SARS-CoV2, sug-
gesting that the recent COVID-19 infection played the most signifi-
cant role in shaping his immune repertoire.

Discussion

Post-COVID-19 humoral immunity is thought to induce neutraliz-
ing antibodies that provide a period of relative protection in conva-
lescent subjects. However, antibody titers and half-lives are highly
variable, and some subjects might never mount a detectable antibody
response [5]. The role of T-cell immunity in host defenses against
SARS-CoV-2 and other hCoVs is less understood, but otherwise
healthy COVID-19 and SARS-CoV-1 infection survivors develop
potent, long-lived, antigen-specific immunological memory against
the immunodominant antigens [7,9,18]. It is therefore imperative to
characterize these responses in vulnerable subjects with immunode-
ficiencies as a tool for gauging the overall immunocompetence and
possible degree of long-term protection. It is also possible to exploit

the in vitro-generated SARS-CoV-2 T cells for adoptive immunother-
apy of COVID-19, as proposed recently by Keller et al. [19].

Patients with a history of SOT and SCT are a highly heterogeneous
group with various degrees of immune dysfunction and baseline
inflammation, depending on the interval since transplant, condition-
ing regimen used, other ongoing organ dysfunction and concurrent
immunosuppressive therapies. Furthermore, some immunosuppres-
sive pharmacological agents, such as steroids, have been shown to
ameliorate COVID-19 symptoms and prevent progression to severe
respiratory distress syndrome; however, they may also blunt the
development of post-infection immunity or abrogate the response to
vaccination.

Overall, the patient described here is considered high risk in terms
of risk of infectious complications [20]. Nevertheless, despite severe
comorbidities, compounded risk factors and lifelong immunosup-
pression, the subject survived uncomplicated COVID-19 and was inci-
dentally found to be seropositive upon routine screening.

The authors estimated the T-cell immunity against viral antigens
using a highly sensitive functional method of measuring broad T-cell
memory responses [12]. The authors’ analysis revealed development
of highly active cellular immunity against multiple antigens derived
from SARS-CoV-2. Strikingly, the magnitude of the SARS-CoV-2-spe-
cific T-cell responses was comparable to the well-characterized
immunity against CMV, BK virus, AdV and EBV and much higher than
that seen in healthy, unexposed controls. Moreover, this COVID-19
survivor had the capability of recognizing antigens from all four non-
SARS hCoVs, albeit at a lower magnitude/frequency. Importantly, the
authors’ analysis extended beyond the S1 and S2 antigens commonly
examined in the context of the currently approved anti-COVID-19
vaccines and also included the far less studied M and NP proteins
from SARS-CoV-2 and all four common hCoVs, suggesting possible
heterological cross-protection against future infections, including
emerging mutant variants of SARS-CoV-2 and other members of the
CoV family [6]. Recent evidence suggests that there might be a ten-
dency for a milder course of the disease in COVID-19 patients who
have recently experienced hCoV-related infections, with some cross-
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Figure 2. In vitro T-cell responses against immunodominant antigens from SARS-CoV-2 and related hCoVs. PBMCs from the subject were stimulated with the indicated peptide
libraries, cultured for 14 days and tested against the cognate antigens as described in Figure 1. (A) Specific TNF-« secretion in cultures primed with S1 and S2 antigens from the indi-
cated beta and alpha CoVs. (B) Reactivity of cultures primed with M and NP peptide mixes from the indicated CoVs. (C) SARS-CoV-2-specific reactivity of in vitro-expanded T cells
from a healthy COVID-19 seronegative donor (representative data shown). (D) Summary of antigen-specific reactivity against indicated viral antigens for SARS-CoV-2 and related
hCoVs within the CD4"* and CD8" T-cell (CD3*) compartments in the described patient compared with activity in three seronegative healthy donors. (E) Summary of polyfunctional-
ity among the SARS-CoV-2 antigen-reactive (defined as TNF-a*) CD4" T cells specific for the indicated antigens. Ctrl, control; HD, healthy donor; SCoV2, SARS-CoV-2.

reactive antibodies increasing post-COVID [10,21-23]. Unfortu-
nately, in the patient described here, the magnitude of the pre-exist-
ing T-cell memory specific for hCoV antigens is unknown. The
authors are exploring this question in other healthy and immunode-
ficient individuals.

Conclusions

Overall, this case reveals that at least some SOT and SCT recipients
maintained on long-term calcineurin inhibitors retain robust T-cell
immunocompetence and develop potent cellular immunity against
SARS-CoV-2. The authors’ strategy allows us to measure these
responses in the context of broader anti-viral immunity and use the
data for risk stratification. It also allows us to forecast the outcomes
of vaccination and provide the rationale for possible use of in vitro-
expanded SARS-CoV-2 T cells for adoptive immunotherapy.
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