S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Cellular Immunology 367 (2021) 104398

FI. SEVIER

Contents lists available at ScienceDirect
Cellular Immunology

journal homepage: www.elsevier.com/locate/ycimm

Review article

Check for

An outlook on antigen-specific adoptive immunotherapy for viral infections [

with a focus on COVID-19

Seyed Mostafa Monzavi "¢, Mahmood Naderi 4 Naser Ahmadbeigi a
Abdol-Mohammad Kajbafzadeh >“", Samad Muhammadnejad ™

@ Gene Therapy Research Center, Digestive Diseases Research Institute, Shariati Hospital, Tehran University of Medical Sciences, Tehran, Iran
Y Pediatric Urology and Regenerative Medicine Research Center, Tehran University of Medical Sciences, Tehran, Iran
¢ Department of Applied Cell Sciences, School of Advanced Technologies in Medicine, Tehran University of Medical Sciences, Tehran, Iran

ARTICLE INFO ABSTRACT

Keywords:

Adoptive immunotherapy
Antigen-specific immune cells
COVID-19

SARS-CoV-2

Virus diseases

Although not a standard-of-care yet, adoptive immunotherapeutic approaches have gradually earned a place
within the list of antiviral therapies for some of fatal and hard-to-treat viral diseases. To maintain robust antiviral
immunity and to effectively target the viral particles and virally-infected cells, immune cells capable of recog-
nizing the viral antigens are required. While conventional vaccination can induce these cells in vivo; another
option is to prime and generate antigen-specific immune cells ex vivo. This approach has been successfully trialed

for virulent opportunistic viral infections after bone marrow transplantation. Amid the crisis of SARS-CoV2
pandemic, which has been followed by the success of certain early-authorized vaccines; some institutions and
companies have explored the effects of viral-specific adoptive cell transfers (ACTs) in trials, as alternative
treatments. Aimed at outlining a perspective on antigen-specific adoptive immunotherapy for viral infections,
this review article specifically provides an appraisal of ACT-based studies/trials on SARS-CoV2 infection.

1. Introduction

Antigen-specific adoptive immunotherapy, with the ability of tar-
geting and eliminating the host cells via recognition of specific antigens
(Ag), has been a targeted therapeutic choice for certain viral infections
and cancers [1]. Although not a standard-of-care yet, and not at the top
of the treatment options list; adoptive transfer of Ag-specific effector
immune cells has a successful history for viral diseases, especially for
opportunistic viral infections after allogeneic bone marrow trans-
plantation (allo-BMT) and some of hard-to-treat chronic viral infections
lacking a vaccine such as HIV infection [1-3]. In fact, for the intractable
viral infections lacking effective treatments and vaccine, the adoptive
transfer of antigen-specific immune cells has been advocated as one of
the few remaining therapeutic options, with a high efficacy profile [1,2].
On this basis and with the advancement of platforms for generation of
Ag-specific cells, a prospect can be envisioned that the use of these
cellular products may acquire a role in easing the burden of epidemics of
fast-spreading infectious viruses.

The outbreak of new disease-causing viruses, such as severe acute

respiratory syndrome coronavirus 2 (SARS-CoV2), can plague the pop-
ulations due to failure of human immune system to recognize the un-
familiar antigens and delayed response to the pathogen, thereby leaving
the body vulnerable against the overpowering enemy. In the absence of
virus-reactive central memory lymphocytes or effective neutralizing
antibodies, many humans are defenseless against the viral replication
and spread, and subsequent life-threatening complications, as revealed
in our tangible experience of the recent coronavirus disease pandemic
(COVID-19) [4]. With that being said, studies have shown that the factor
that imparts an overwhelming risk for severe COVID-19 cases might be
inadequate interferon responses [5,6]; though, the results of systemic
administration of interferons for such patients were controversial [7,8].

Despite progress in clinical trials, there is still no fully-approved
treatment for COVID-19, which necessitates the synergistic collabora-
tion of researchers, academic institutions, pharmaceutical companies
and countries to fulfil this unmet urgent medical need [9]. Besides, there
are some antiviral medications capable of curbing viral replication, viral
assembly and systemic spread of infection in the body, as well as some
anti-inflammatory treatments capable of suppressing the post-infectious
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hyperinflammation, which have been trialed on COVID-19 patients
(Fig. 1). Although many trials supported the efficacy of these treatments
for COVID-19 patients [10-15], especially in terms of decrease in hos-
pitalization, improvement of hospitalized patients’ condition, and
reduced risk of ICU admission and mortality; further evidence failed to
prove significant clinical benefit in use of some of the mentioned
treatments (e.g. remdesivir and IL-6 receptor antagonists) [8,16], and so
regional guidelines for COVID-19 management have remained to be
largely varied [17,18].

In order to empower the body’s immune system to effectively tackle
the virus, the most common approach is vaccination. While some trialed
SARS-CoV2 vaccines have demonstrated promising efficacy [19], there
have been safety concerns and doubts on durability of the post-
vaccination immune response in the recipients [20,21]. In the recent
months, suspected vaccine-induced coagulopathy was on the agenda of
regulatory agencies [22,23]. At the same time, questions on the vaccine
efficacy dynamics have been raised that if the developing vaccines can
effectively pulse antigen presenting cells (APCs) and consequently
neutralizing antibodies can be produced; this may be true for how many
of the recipients and for how long [24-26].

While these uncertainties remain to be resolved, the use of one-step-
forward Ag-loaded dendritic cell vaccines, can be looked as a research-
worthy subject. Moreover, use of the convalescent donor-derived ex-vivo
expanded endogenous virus-specific T cells (VSTs) or alternatively the
genetically modified T cells expressing viral-antigen-specific T cell re-
ceptor (TCR) or chimeric antigen receptor (CAR) may be considered as
the potential therapeutic options. These adoptive immunotherapies,
however, require tailor-made research and carefully-designed trials for a
new disease entity like COVID-19.

It is noteworthy that many adoptive immunotherapy approaches
have been investigated in parallel with the vaccine development for
COVID-19 during the past year. Although compared with common
vaccines and antiviral medicines, adoptive cell transfers (ACT) are more
costly and lower-throughput approach [27], they may be applied in case
of vaccine failure as well as for the patients who are in emergency state
of the disease. Hence, in this paper, an overview on antigen-specific
adoptive immunotherapy for viral infections is given, and additionally
an appraisal of adoptive immunotherapy-based studies and trials for
SARS-CoV2 infection is provided.

2. A brief look at conventional (acellular) anti-viral vaccines

The majority of current cell-free antiviral vaccines fell into 4 com-
mon categories of live-attenuated/inactivated whole-pathogen, protein-
based, viral vector-based and nucleic acid-based vaccines. The first
category consists of entire virion that have been inactivated or weak-
ened (live-attenuated) and may elicit strong multi-specific immune re-
sponses in the recipients [28,29]. The other category that is also known
as “subunit vaccines” include the immunogenic protein components or
antigens of the virus. These components are either derived from the viral
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cultures or produced via recombinant DNA technology. The next cate-
gory, the vector-based vaccines, are mainly composed of a modified non-
pathogenic viral vector (e.g., adenovirus) containing the encoding gene
of the antigens of the intended virus (e.g., SARS-CoV2 antigen). The
relatively new fashion of vaccines is based on nucleic acids either in the
form of the DNA plasmids containing the encoding genes or the mRNA of
the intended viral antigens. All of the mentioned vaccine platforms are;
however, involved with safety and efficacy concerns such as [29-31]:
(1) induction of the disease (mostly in case of live-attenuated vaccines),
(2) lack of immune response induction in case of vector-based vaccines
due to pre-immunity to the vector, (3) inherent instability, limited
cellular uptake and rapid clearance (mostly in case of protein-based
vaccines), (4) rapid degradation of vector-based and nucleic acid-
based vaccines via nucleases, (5) potential autoimmunity, unpredicted
adverse and off-target effects.

As of the onset of SARS-CoV2 pandemic, many research institutes,
big pharma companies and biotechnology firms have synergized their
capacities to develop efficient vaccines, and over 80 candidate vaccines
have progressed into clinical trials, so far (Fig. 2 and Supplementary
material 1), meanwhile some of them have led to promising results
[19,32]. To date, 12 vaccines have received emergency use authoriza-
tion or full approval in different countries (Fig. 2), and early appraisals
of the efficacy of some of them have unveiled rates above 70% [19,33].
Furthermore, the recent statistics from the United States and the United
Kingdom (the two countries with the earliest public vaccination pro-
gram), which displayed marked drop in COVID-19 case numbers, hos-
pitalizations and death toll [34,35], revealed the success of the
efficacious vaccines in the pipeline.

When an immunogenic vaccine against SARS-CoV2 infection is
produced, i.e. a vaccine capable of triggering a robust neutralizing
antibody response; the durability of the protection elicited by the vac-
cine, i.e. the persistence of antibodies above the protective thresholds
and/or the maintenance of immune memory cells [29], would be a
matter of question. Although yet to be clarified for SARS-CoV2, previous
experiences with the outbreaks of similar betacoronaviruses including
SARS-CoV1 (2002-2004) and MERS-CoV (2012), have shown that the
infection rarely induces long-term immunity and that the specific
immunoglobulin G antibody wanes over a relatively short time (typi-
cally in less than a year or two) [36,37]. This implies that although the
role of B cells and their secreted immunoglobulins are fundamental to
mount an effective prevention for prospective microbial exposures, the
impact of T-cell responses should not be overlooked as they are essential
to induce high-affinity antibodies and immune memory [29]. The
importance of this issue is doubled when the immune evasion strategies
of SARS CoV2, i.e. subversion of immediate immune response, sup-
pression of dendritic cells and functional impairment of T cells, have
been revealed [20,31,38]. Since the long-term reactivity to a virus de-
pends on activation of antigen-specific B and T cells via reactive APCs,
especially DCs [29], a progressive strategy might be ex vivo generation of
DCs reactivated to SARS-CoV2.

Anti-inflammatory drugs:
Corticosteroids

NSAIDs

Anti-IL-6 receptor mAbs
Anti-IL-6 mAbs

Hyperinflammation

Fig. 1. Repurposed antiviral and anti-inflammatory treatments for COVID-19.
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Phase Il (2)
Phase I/11 (2)

4 vaccines have
received full approval
or emergency use
authorization:
BBIBP-CorV, WIBP-
CorV, CoronaVac,

Covaxin

2 vaccines have
received full approval
or emergency use
authorization:
RBD-dimer,
EpiVacCorona

Phase Il (4)

Phase I/11 (8)

Fig. 2. Types and trial phases of developing cell-free vaccines for SARS-CoV2.

3. Antigen-loaded DC vaccines

DCs are versatile APCs that are specialized in pathogen recognition at
the sites of infection, transfer of Ag to the secondary lymphoid organs,
priming the protective Ag-specific B and T cells, and consequently
elicitation of immune effector functions [29,39,40]. In this sense, DCs
are central in inducing the vaccine responses, especially as they are
proficient in delivery of antigen-specific costimulatory signals to T cells,
known as the “danger signals” required for activation of naive T cells
[29,40,41]. However, with the relatively suppressed capacity of DCs in
priming T cell responses against SARS-CoV2 or its subunits [20,38],
some scientists have sought to develop ready-to-function Ag-loaded DCs
against the virus. In this regard, five clinical trials have been registered,
so far in China and the USA (Table 1). In these trials, the DC vaccines
developed either through (1) genetic engineering of the autologous DCs
using gene vectors encoding the SARS-CoV2 surface antigens or (2) ex
vivo expansion of autologous DCs pulsed with synthetic overlapping
peptides of SARS-CoV2 surface antigens, are employed (Fig. 3a, b).

Shenzhen Ruipuxun Academy for Stem Cell & Regenerative Medi-
cine has developed genetically modified DCs using a recombinant
chimeric COVID-19 epitope gene (ChiCTR2000030750). Another insti-
tution, Shenzhen Geno-Immune Medical Institute, similarly engineered
the genome of DCs by using an efficient lentiviral vector system (NHP/
TYF) encoding the minigenes of SARS-CoV2 antigen epitopes as well as
immunomodulatory genes (NCT04276896). The minigenes were based
on conserved domains of the viral structural proteins and a polyprotein
protease. Using the same lentiviral cassette by the same institution in
another trial, volunteers undergo vaccination with the genetically
modified SARS-CoV2 Ag-loaded APCs (including DCs) (NCT04299724).
Aivita Biomedical Inc. has developed a platform of monocyte-derived
DCs incubated with synthetized overlapping peptides of SARS-CoV2
antigens, followed by activation with granulocyte-macrophage colony-

stimulating factor (NCT04386252). The company has recently started a
collaboration with Indonesian ministry of health to test this investiga-
tional product (NCT04685603). Likewise, the Beijing TIL Therapeutics
has run a trial employing the ex vivo expanded monocyte-derived DCs
loaded with spike protein of SARS-CoV2 (ChiCTR2000034076)http
://www.chictr.org.cn/showprojen.aspx?proj=55582.

Upon subcutaneous vaccination, the Ag-loaded DCs can prime the
antiviral T cell responses specific to SARS-CoV2. Hence and via priming
of CD4" T helper cells (both Thl and Th2), DCs not only can activate
cytotoxic T cells, but also can orchestrate activation of naive and
memory B cells [29,41]. In the long run, follicular DCs that are resident
in germinal centers of secondary lymphoid organs may provide sus-
tainable anti-SARS-CoV2-specific B cell memory via generation of
antigen-antibody complexes and continuous B cell stimulation [39]. It
has been argued that comparing to inactivated/live-attenuated virus and
vector-based vaccines, the Ag-loaded DC vaccines may reduce the risk of
virulence recovery, off-target effects, pre-existing anti-vector immunity,
and incomplete immune response induction [20,28,29]. It is of note that
this approach, i.e. harnessing DCs to specifically reactivate immune
system against a pathogen, has been previously trialed for some chal-
lenging viral infections such as CMV, HCV and HIV, though did not lead
into perfectly robust and permanent immunity [42-44].

4. Virus-specific effector lymphoid cells

Use of adoptively transferred Ag-specific effector lymphoid cells (T
and NK cells) serves as a potent therapeutic measure for cancer [45-48],
which is based on targeted recognition and elimination of cancer cells
without (or with limited) impact on the healthy tissues. This approach
can also be practiced for viral infections, as the virus may alter the
antigenic display of the infected cells (i.e. viral antigen peptides can be
presented on MHC class I molecules) making them vulnerable to be


http://www.chictr.org.cn/showprojen.aspx?proj=50928
https://clinicaltrials.gov/ct2/show/NCT04276896
https://clinicaltrials.gov/ct2/show/NCT04299724
https://clinicaltrials.gov/ct2/show/NCT04386252
https://clinicaltrials.gov/ct2/show/NCT04685603
http://www.chictr.org.cn/showprojen.aspx?proj=55582
http://www.chictr.org.cn/showprojen.aspx%3fproj%3d55582
http://www.chictr.org.cn/showprojen.aspx%3fproj%3d55582

S.M. Monzavi et al.

Table 1
Registered trials on antigen-reactive adoptive immunotherapies for COVID-19
(Up to March 31, 2021).

Company/Institution Country Composition Trial phase
(Reg. code)
Shenzhen Ruipuxun China Genetically modified I/1I (ChiCTR2
Academy for Stem Cell DCs to express 000030750)
& Regenerative recombinant chimeric
Medicine, Shenzhen COVID-19 epitope
Third People’s
Hospital
Shenzhen Geno-Immune China Genetically-modified 1/ (NC
Medical Institute dendritic cells to T04276896)
express SARS-COV2
antigens
Shenzhen Geno-Immune China Genetically-modified I1(NC
Medical Institute antigen presenting T04299724)
cells to express SARS-
COV2 antigens
Aivita Biomedical Inc. USA SARS-COV2 antigen I/11 (NC
loaded autologous T04386252)
dendritic cells
Indonesia-MoH, Aivita Indonesia SARS-COV2 antigen I (NC

Biomedical Inc. loaded autologous
dendritic cells
SARS-COV2 antigen

loaded autologous

T04685603)

0 (ChiCTR2
000034076)

Beijing TIL Therapeutics,  China
Liaocheng People’s

Hospital dendritic cells

Cincinnati Children’s USA SARS-COV2-specific T II (NC
Hospital Medical cells T04406064)
Center*

KK Women’s and Singapore  SARS-COV2-specific T I/II (NC
Children’s Hospital cells T04457726)

Baylor College of USA SARS-COV2-specific T I (NC
Medicine cells T04401410)

M.D. Anderson Cancer USA SARS-COV2-specific T I (NC
Center cells T04742595)

University Hospital Germany SARS-COV2-specific T I (NC
Cologne, Miltenyi cells T04762186)
Biomedicine GmbH

TC Erciyes University Turkey SARS-COV2-specific T I (NC

cell-derived exosomes T04389385)

Chongging Public Health ~ China NKG2D CAR-, ACE2 I/1I (NC

Medical Center, CAR-, or NKG2D-ACE2 T04324996)

Chongqing Sidemu CAR-NK cells
Biotech, Zhejiang

Qixin Biotech

*Withdrawn (Steroid therapy for COVID-19 patients, that is according to current
management guidelines, interferes with and suppresses the injected donor-
derived VSTs. In addition, the principal investigator of the trial did not expect
enrollment of potential participants, as the treatment options for COVID-19 have
evolved).

recognized by VST cells [49]. Hence, adoptive transfer of VST cells,
either CD4™ or CD8™ subsets or both (rarely called T cell vaccines), to
patients with viral infections may facilitate the control, reduction, and
clearance of the intracellular pathogen, though this approach may not
be used as a preventive measure in pandemics [29,50,51]. The main
mechanisms of action of VSTs to eliminate virally infected cells and
viremia include [29]: (1) secretion of interferon (IFN)-y, tumor necrosis
factor (TNF)-o/p via CD41 Th1 subsets and CD8" T subsets, (2) induc-
tion of B cells to produce anti-viral antibodies via CD4" Th2 subsets, (3)
secretion of IL-17, IL-22, and IL-26 contributing to mucosal defense via
Th17 effector cells, (4) direct killing of the infected cells by release of
perforin and granzyme and Fas/FasL interactions via CD8" T cells.
The use of VST cells for viral infections has a promising history,
especially for the prevention or treatment of post-transplant opportu-
nistic infections in the immunocompromised allogeneic bone marrow
(allo-BM) recipients [2,51-56]. Many trials have shown that CMV-, EBV-
and/or AdV-specific T cells were adequately immunoprophylactic to
render the allo-BM transplanted patients viral-free and protected for
long-term. These VSTs were generated via 3 general strategies
[2,51,53-57]: (1) coculture of seronegative donor-derived naive T cells
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with the virus-specific Ag-loaded APCs (Fig. 3c), (2) activation and
immunoadsorption of seropositive donor-derived PBMCs using viral
protein-derived multimers or peptide pools and subsequent isolation of
VST cells from the PBMCs using multimeter-based or IFN-y capture-
based immunomagnetic cell sorting (Fig. 3d), (3) genetic engineering
of autologous T cells using gene vectors encoding the TCR specific to
essential surface antigens of the virus (Fig. 3e). Additionally, there have
been some efforts to engineer the CAR-bearing T cells for CMV and EBV
that are effectual in an MHC-independent manner (Fig. 3f), though such
CAR T cells merit further research and fine tunes in order to enter the
clinical protocols [2,50]. For SARS-CoV2 infection, all of the above-
mentioned strategies of production of Ag-specific immune effector
cells may be taken into account.

Shenzhen Geno-Immune Medical Institute has established a platform
to develop SARS-CoV2-specific T cells through priming with genetically-
modified DCs expressing the conserved domain of viral structural pro-
teins. In an ongoing trial sponsored by this institution (NCT04276896),
the COVID-19 patients undergo subcutaneous injections of the 5 x 10°
genetically-engineered DCs and intravenous infusion of 1 x 10% acti-
vated SARS-CoV2-specific T cells. Acute and convalescent COVID-19
patients and even unexposed healthy donors have shown to possess
SARS-CoV2-reactive CD4" and CD8" T cells [58-61]. These cells can
shape the long-term immunological memory to this virus, and poten-
tially prevent or reduce the clinical severity of the subsequent infections
[58]. To activate and isolate such cells from a donor, peptide-MHC class
I multimers and different peptide pools covering the SARS-CoV2 spike,
nucleocapsid and membrane antigens have been generated [58-64]. In
this respect, Cooper et al. formulated a GMP-compliant process for
isolation and expansion of SARS-CoV2-specific T cells [62]. In their
design, a GMP-compliant peptide pool was used to trigger the IFN-y
secretion from SARS-CoV2 VSTs, and then the activated cells were
enriched using an IFN-y capture complex, when they were finally
magnetically sorted out of the donor-derived PBMCs. They have postu-
lated that this allogeneic SARS-CoV2-specific T cell product can be
readily separated from convalescent donors and may be used for the
treatment of COVID-19 HLA-compatible patients, or can be deposited in
HLA-typed banks for rapid deployment to future COVID-19 patients
[62]. Using a similar approach, Keller et al demonstrated that SARS-
CoV2-specific T cells can be produced from 70% of the COVID-19
convalescent donors, which can be potentially used for antiviral con-
trol in immunocompromised allo-BM recipients after transplantation
[63]. Employing the similar methodology of generating endogenous
SARS-CoV2 VSTs, five trials sponsored by Cincinnati Children’s Hospital
Medical Center (NCT04406064), KK Women’s and Children’s Hospital
(NCT04457726), Baylor College of Medicine (NCT04401410), M.D.
Anderson Cancer Center (NCT04742595) and University Hospital Co-
logne (NCT04762186) have been registered to investigate the effect of
such cells in HLA-matched or partially HLA-matched COVID-19 patients
(Table 1). Nonetheless, owing to the partial success of COVID-19 man-
agement protocols that include steroid therapy as a standard treatment
module, capable of reducing the hyperinflammation but additionally
suppressing VSTs; the Cincinnati trial has been withdrawn by the prin-
cipal investigator. Besides, HLA mismatching and the likelihood of graft-
versus-host disease (GVHD) is a legitimate concern for the enrolled pa-
tients in the mentioned trials [55,65]. Moreover, considering the lack of
data on the causes of maladaptive responses to SARS-CoV2, the VST cells
derived from convalescent donors may have an over/auto-reactive
behavior [66,67], and thus, the adoptive transfer of such potentially
aberrant lymphocytes to a COVID-19 patient may put them at a serious
risk and jeopardize the primary intent (i.e., treating a COVID-19 pa-
tient). Hence and as a further step, the TCRs of the avid SARS-CoV2-
specific T cells derived from the convalescent donors can be
sequenced, so that the relevant encoding genes can be used for engi-
neering the autologous naive t cells to forced express SARS-CoV2-
specific TCRs. This approach has been successful in generation of
transgenic TCR T cells redirected against SARS-CoV1 infection as well as
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vectors encoding the viral-antigen-specific chimeric antigen receptor (CAR).

some opportunistic post-BMT viral infections [57,68], however, for
SARS-CoV2, further research is required. Given the important limitation
of endogenous VSTs and TCR T cells, i.e. functioning in an HLA-
dependent manner, TC Erciyes University has registered a clinical
study to make the benefits of these cells more universally available (NC
T04389385). In this trial, that is not yet recruiting, the effects of an off-
the-shelf inhaler containing HLA-independent SARS-CoV2-specific T
cell-derived exosomes (2 x 108 nano-vesicles/3 mlin 5 days) on COVID-
19 patients are going to be investigated. In a more progressive approach,
CAR-bearing immune cells, which recognize SARS-CoV2 antigens in-
dependent of HLA system, can be developed using the sequence of high
affinity anti-SARS-CoV2 neutralizing/blocking monoclonal (mAb) anti-
bodies obtained from the convalescent plasma of COVID-19 subjects,
such as the two recently approved casirivimab/imdevimab and bamla-
nivimab [69-71]. In this context, a recently preprint publication has
reported the in vitro results of CAR-bearing NK cells generated from the
scFv domain of a SARS-CoV1/SARS-CoV2 specific mAb (so-called
CR3022). The CR3022-CAR NK cells were shown to specifically kill
pseudo-SARS-CoV2 infected cells [72]. Using the antigen-recognition
domain of the same mAb (CR3022), a CAR macrophage has also been
developed, which showed high affinity to receptor-binding domain of
the spike protein of SARS-CoV2 and was able to considerably reduce the
virion load in vitro [73]. In the circumstances that the CARs harboring

the sequences of the mentioned mAbs are yet to be optimized, two
Chinese biotech companies have started a collaborative trial investi-
gating the effects of already-developed CAR NK cells on COVID-19 pa-
tients (NCT04324996). In this ongoing trial, three investigational CAR
NK cells, including (1) NKG2D-CAR NK cells with an activated pheno-
type capable of targeting the NKG2D-expressing stressed cells (i.e.,
virally-infected cells), (2) ACE2-CAR NK cells capable of targeting the
virus binding site on the SARS-CoV2-infected cells and competitive
prevention of the relevant infection through ACE-2 expression, and (3)
bi-specific NKG2D-ACE2 CAR-NK cells, are given to 3 arms of COVID-19
patients.

Altogether, it is important to note that administration of virus-
specific effector lymphoid cells is not a first-line treatment for viral in-
fections, and may be placed at the bottom of the list of therapeutic op-
tions for COVID-19 patients, provided that they are proven to be safe and
efficient in trials; and this means that they may be used when all other
antiviral and anti-inflammatory treatments have failed or they may be
given to certain patients (such as cancer patients) based on the treating
clinician’s decision.

5. Other non-specific adoptive cell therapies for COVID-19

Since the severe cases of COVID-19 are characterized with
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idiosyncratic hyperinflammatory syndrome and cytokine storm, some
scientists have advocated the use of cells with immunomodulatory ef-
fects. In this context, mesenchymal stem cells (MSCs) and regulatory T
(Treg) cells are the two candidate cells that are being used in a number
of clinical studies on COVID-19 patients (Supplementary material 2)
[74,75]. In addition to immunomodulation, MSCs are also identified
with their regenerative effects especially on the pulmonary tissue, which
makes them potentially better options than Treg cells in treating COVID-
19 patients, as in one hand they can normalize the exaggerated immune
response and additionally they may repair the damaged lungs [75,76].
The MSCs are the most common cells (>70%) used in clinical trials on
cell-based immunotherapy for COVID-19 patients (Fig. 4). Some of the
completed trials using MSCs have shown promising results by dimin-
ishing the hyperinflammation, shortening the duration of hospitaliza-
tion and lowering the death rate [76]. An MSC-like cell derived from
human embryonic stem cells, also known as immunity-and-matrix-
regulatory cell (IMRC), that has been proven to inhibit pulmonary
inflammation and fibrosis in the preclinical setting with superior
expression levels of proliferative, immunomodulatory and anti-fibrotic
genes compared with MSCs [77], is now being trialed for COVID-19
patients (NCT04331613). Systemic injections or use of off-the-shelf in-
halers of MSC exosomes are also under trial in Russia, Iran and China. As
the reversal of the SARS-CoV2 induced hyperinflammatory state has
been placed at the top of research agenda, immunomodulatory PBMCs
are considered as another option for COVID-19 patients. In a forth-
coming trial (NCT04299152), the PBMCs of COVID-19 patients are
planned to be apheresed and cocultured with cord blood-derived MSCs
in order to make them immunomodulated, and then the patients receive
their educated PBMCs back. In an ongoing trial (NCT04513470), an
irradiated PBMC-based product containing at least 40% early apoptotic
cells, is given to COVID-19 patients to potentially restore immuno-
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homeostasis, provided that the apoptotic cells (being inherently
immunomodulatory) are able to send immunotolerant signals to the
macrophages and DCs [78].

Inasmuch as the SARS-CoV2 infection is associated with elevated
neutrophil to lymphocyte ratio and is additionally able to stimulate the
excess formation of neutrophil extracellular traps (NETs) [79,80], one
revolutionary approach to disrupt this pro-inflammatory and thrombo-
genic web of DNA fibers would be to deliver DNase(s) in situ. Thus, and
considering the great capacity of MSCs to home into lungs, a company
has recently started a trial investigating the effects of intravenous
infusion of RNA-engineered MSCs overexpressing a combination of
DNases on patients with moderate to severe COVID-19 pneumonia (NC
T04524962).

Some studies have provided evidence on the reduced numbers of
circulating natural killer (NK) cells and/or an exhausted phenotype of
these cells following SARS-CoV2 infection, a situation that predisposes
the infected individuals to attenuated NK cell responses against early
SARS-CoV2 infection [81,82]. In this context, delivery of ex vivo
expanded NK cells to the COVID-19 patients in the early stages of the
infection, may seem to be rationally beneficial and has been under
investigation in 9 trials (NK cell only (7 trials), NK cells + MSCs (1 trial)
and NK cells + memory T cells (1 trial)). The use of NKT cells, with an
effector phenotype similar to NK cells, in another trial, can be inter-
preted in the context of a similar reasoning (Fig. 4).

One other investigational approach using non-specific immune cells
is the subcutaneous injection of allogenic memory T cells in order to
amend the immunosenescence (age-related functional weakness of
cellular immunity) of elderly COVID-19 patients [83]. In this regard,
donor-derived CD4" T cells, ex vivo expanded and immunoactivated
with anti-CD3 and anti-CD28-coated paramagnetic beads, are now being
trialed for elderly COVID-19 patients (NCT04441047). Upon multiple
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Fig. 4. Registered clinical trials investigating adoptive immunotherapies on COVID-19 patients (Up to March 31, 2021; n = 136). a, Frequency distribution of trials
in geographical regions based on the cellular product. b, Frequency distribution of trials based on the country. ¢, Frequency distribution of trials based on the

cellular product.


https://clinicaltrials.gov/ct2/show/NCT04331613
https://clinicaltrials.gov/ct2/show/NCT04299152
https://clinicaltrials.gov/ct2/show/NCT04513470
https://clinicaltrials.gov/ct2/show/NCT04524962
https://clinicaltrials.gov/ct2/show/NCT04524962
https://clinicaltrials.gov/ct2/show/NCT04441047

S.M. Monzavi et al.

subcutaneous vaccination of these cells, it is claimed that priming of
allo-specific Th1/CD8™ T cytotoxic memory cells (with robust capability
of IFN-y secretion to control viral infection) occurs and that these cells
gradually replace the exhausted memory cells of the aged immune sys-
tem [83].

6. Limitations of antigen-specific cell-based immunotherapies
for viral infections

Employment of Ag-specific cell-based immunotherapies for viral
infections has not gained widespread attention, since personal protec-
tive measures and conventional vaccination can effectively restrain the
disease spreading with much lower costs. Nonetheless, medical re-
searchers should pursue parallel avenues, e.g., cellular immunother-
apies, as alternative treatments or in case of failure of the mentioned
approaches. Despite the promise of some cellular immunotherapies for
viral infections; time, cost, technical complexities and safety concerns
are the top reasons that may limit their use [27]. The manufacturing of
cell-based products requires GMP-compliant high-tech facilities, trained
personnel and costly clinical-grade materials for cell culture/processing
[27,52]. Moreover, the process of generating adequate number of cells is
time-consuming and technically demanding. These obstacles, however,
can be overcome with the help of automated closed-system machines of
isolating, processing and engineering PBMCs with various proteins and
genetic vectors [84,85].

A strong and long-lasting protection against a viral infection requires
both antibody- and cell-mediated immunity, especially via development
of memory B and T cells [86]. In this sense, it has been emphasized that
in case of inadequacy of antibody-mediated protection, Ag-specific T
cells are vital for viral clearance [20]. Accordingly, emerging evidence
has shown that COVID-19 patients may only develop a short-term pro-
tection against SARS-CoV2 reinfection, particularly because of the
absence of specific cell-mediated immunity to the virus [20,87,88]. This
fact may undermine the current efficacy assessments of cell-free vac-
cines that are generally based on induction of humoral immune re-
sponses and rise in antibodies. Thus, recent position papers have argued
that in elderly individuals, T cell-mediated immunity should be
considered as a more reliable correlate of vaccine protection than anti-
body titers, and so the inclusion of T cell responses in COVID-19 vaccine
design is inevitable [20,89]. Perhaps, a balanced optimal immune
response to SARS-CoV2 should comprise high titers of neutralizing an-
tibodies and memory B and T cells [20,90]. While loading ex vivo
expanded autologous DCs with a viral antigen and administration of this
cellular vaccine may elicit a more prolific immune response (at both
cellular and humoral level), this approach may have limited applica-
bility considering the constraints of large-scale production [91]. The
same hurdle can be attributed to manufacturing of T-cell based products;
however, these products themselves are additionally compromised with
safety concerns: First, unlike convalescent plasma therapy, allogenic
VSTs derived from convalescent donors cannot be considered as an off-
the-shelf treatment, since HLA matching is required. Use of syngeneic
VSTs, banking of HLA-typed allogeneic convalescent donor-derived
VSTs or generation of gene-engineered autologous VSTs may be seen
as solutions for the mentioned limitation. Second, for COVID-19 patients
involved with maladaptive immune response, adoptive transfer of im-
mune cells may appear as adding fuel to the fire. This is a crucial
concern, especially when the VST cells may cause GVHD or selectively
destroy the SARS-COV2-infected cells of the lung of COVID-19 patients
who are simultaneously dealing with virus-induced respiratory injuries.
Likewise, cytokine release syndrome is potentially expectable after
application of genetically and non-genetically modified VSTs, and that
may exacerbate the situation of COVID-19 patients who struggle with
SARS-CoV2 induced cytokine storm [20,31,92]. Third, the use of gene-
engineered VSTs (TCR- and CAR-VSTs) with a high profile of prolifera-
tion and overactivity to the antigen may carry the risk of uncontrolled
clearance of the infected cells and consequently extensive destruction of
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the infected organ (particularly lungs). The two latter concerns are the
reasons that some scientists have favored mRNA electroporation to
generate TCR/CAR-VSTs with shortened functional activity, and prob-
ably lacking the mentioned potential hazards [92]. Fourth, for many of
the moderate to severe COVID-19 patients who enroll in trials, systemic
steroids may be given as a standard treatment according to the majority
of guidelines. This suppresses and inactivates the immune cell-based
therapies (the reason behind the withdrawal of Cincinnati trial), and
thus a careful design and scrutiny for such trials are necessary. Finally,
an Ag-specific cellular product generated using a given antigen plasmid
or derived from a convalescent donor using a peptide library is static,
whereas circulating strains of the virus in the society are not. Hence and
although the same potential problem applies to the conventional vac-
cines, similar to worries of ineffectiveness of current COVID-19 vaccines
against new variants [93], Ag-specific cellular therapy trials for SARS-
CoV2 may be subjected to early termination.

7. Conclusions

Cell-based immunotherapies that have been commonly used for
malignancies and some hard-to-treat diseases, have also been successful
to cure chronic and opportunistic viral infections. They may additionally
open new avenues for treatment of deadly outbreaks of novel viral in-
fections lacking effective ad-hoc treatments. For the COVID-19
pandemic, which has emerged as a formidable challenge to humanity,
cellular immunotherapies are under trial with regards to two main
strategies: (1) to suppress the hyperinflammatory syndrome using MSCs,
DNase-expressing MSCs, MSC exosomes, Treg cells, immunomodulated
PBMCs, immunomodulatory (apoptotic) PBMCs and IMRCs; (2) to
empower the immune system and to facilitate the viral clearance via
administration of non-specific immune cells (i.e., NK cells, NKT cells and
memory T cells) or viral-specific immune cells (i.e., Ag-loaded DC vac-
cines, endogenous VSTs, VST-derived exosomes and CAR-NK cells). In
this perspective, Ag-specific DC vaccines are of particular interest, as
they are able to render the clearance of the virus and to induce long-term
viral-specific immunity. Still at the trial level, which requires thoughtful
design, appropriate ethical considerations and rigorous analysis; these
immunotherapies may help fight against COVID-19, though their safety
and cost-effectiveness should be carefully evaluated.
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