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Abstract

COVID-19 disease is the manifestation of syndrome coronavirus 2 (SARS-CoV-2)
infection, which is causing a worldwide pandemic. This disease can lead to multi-
ple and different symptoms, being lymphopenia associated with severity one of the
most persistent. Natural killer cells (NK cells) are part of the innate immune system,
being fighting against virus-infected cells one of their key roles. In this study, we
determined the phenotype of NK cells after COVID-19 and the main characteris-
tic of SARS-CoV-2-specific-like NK population in the blood of convalescent donors.
CD57+ NKG2C+ phenotype in SARS-CoV-2 convalescent donors indicates the pres-
ence of ‘memory’/activated NK cells as it has been shown for cytomegalovirus infec-
tions. Although the existence of this population is donor dependent, its expression
may be crucial for the specific response against SARS-CoV-2, so that, it gives us a tool
for selecting the best donors to produce off-the-shelf living drug for cell therapy to
treat COVID-19 patients under the RELEASE clinical trial (NCT04578210).
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) reached pandemic
state in a few weeks since in December 2019, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in Wuhan, China, and spread worldwide. Until
October 2021, 223 different countries were affected by
COVID-19, reaching more than 238 000 000 confirmed
cases and more than 4 800 000 confirmed deaths [1].
Patients with COVID-19 may develop various symp-
toms, such as fever and cough, pneumonia and dyspnoea,
and occasionally may progress to multiorgan failure [2].
Another common symptom is lymphopenia correlated
with severity of disease, which makes patients more
prompt to co-infections [3].

Up to now, the treatments used for COVID-19 are
mainly supportive, as there is not a specific treatment that
cures SARS-CoV-2 infection. Antiviral drug lopinavir/ri-
tonavir has been used mainly for treating COVID-19 pa-
tients with less severe symptoms and in the early stages
of the disease [4], although its use in more severe cases
did not lead to significant clinical improvements [5].
Remdesivir is currently used in moderate and severe
COVID-19. Study results show that remdesivir may have
therapeutic advantages in patients with severe COVID-19
[6]. There are other alternative therapies, cell therapies
against COVID-19 such as the use of mesenchymal stem
cells which have shown promising results [7] and T cells
from convalescent COVID-19 patients as a ‘living drug’
with promising results as well [8]. However, there is still
room for new cell therapy approaches in order to treat
this disease.

Natural killer (NK) cells are innate lymphoid cells (ILC)
phenotypically described as CD3-/CD56+ cells within the
lymphocyte population [9]. ILCs act early in the immune
response by reacting promptly to signals or inducer cyto-
kines, expressed by tissue-resident cells. ILCs are divided
into groups 1, 2 and 3; NK cells, along with ILC1, form
the ILC group 1 due to their similar function, especially in
terms of cytokine output. They can be distinguished from
the other ILC subsets by Tbet expression. NK cells and
ILC1 differ mainly in their function; while ILC1 is weakly
cytotoxic, NK cells are dedicated cytotoxic cells [10]. Their
function is to defend the organism from viral infections

[11], such as Epstein-Barr virus [12], varicellA—zoster
virus [13], cytomegalovirus (CMV) [14] or herpesvirus-6B
[15] as well as fighting against malignant cells [16]; they
have been reported to get to a functional exhaustion level
along with disease progression, characterized by elevated
expression of regulatory receptors such as PD1 and CD244
[17], lower levels of CD16 marker [18] and/or higher lev-
els of NKG2A marker [19]. Peripheral blood NK cells can
be divided in two different subsets regarding the expres-
sion of CD56: CD56bright and CD56dim cells [20]. These
two subsets have different functions, as CD56bright cells
are in charge of cytokine production that may modulate
the immune responses [21], while CD56dim/CD16+ cells
have cytotoxic activity through CD16-activating receptor,
which mediates antibody-dependent cellular cytotoxicity
(ADCC) [22, 23]. Moreover, there are many different NK
cell subsets regarding the presence or absence of other
markers such as NCR family (NKp46, NKp44 and NKp30)
[24], CD94/NKG2A, KIR, [25] CD57 or NKG2C [26]. More
than 95% of peripheral blood and 85% of spleen NK cells
are CD56dimCD16+ [27]. Furthermore, NK cells are key
pieces of the puzzle that integrates the innate and adaptive
immune responses [28]. Although historically immuno-
logical memory was found in the adaptive part of the im-
mune system, recent studies show that NK cells also own
several characteristics of the immunological memory, as
they have the capacity to respond at a higher magnitude
to the exposure of certain stimuli [29]. In addition, NK
cells share several features with B and T cells, such as a
common lymphoid progenitor stem cell, undergoing sev-
eral processes that are indications of adaptive immunity
including developmental education clonal-like expansion,
memory cell generation and recall responses [30]. In fact,
it has been proved that previously activated NK cells can
produce long-lived progeny able to mediate robust sec-
ondary responses in vitro and in vivo [31]. The particular
subset of NK cells that express NKG2C+ is rising much in-
terest for their unique cytotoxic potential against viral in-
fections, such as CMV, hantavirus [32], chikungunya virus
[33] and tumour cells, in comparison with their counter-
parts NKG2A+ NK cells [34].

The study of NK cell response to CMV shows an ex-
pansion of NKG2C+ NK cells [35], suggesting the impli-
cation of this receptor in the response to CMV infection
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[36]. The subset that expanded in response to CMV also
expresses CD57 marker, leading to a unique population
of CD57+/NKG2C NK cells [37]. This subset expands
early after CMV infection and is very specific to the virus
[38]. This subset expands in the post-transplantation set-
ting after CMV reactivation, especially when effective T
lymphocytes are still not differentiated from the CD34+
progenitors’ cells, described to as memory-like NKG2C+
NK cells [39]. NXK cell rapidly expands and persists in
response to hantavirus infection, along with the up-
regulation of NKG2C marker mediated by hantavirus-
infected endothelial cells [32]. NK cell exposure to
varicellA—zoster virus (VZV) also leads to an increase
in CD57 marker, providing NX cell maturity [13]. These
patterns raise the possibility of an NXK cell subset selec-
tively responding against a specific pathogen and accru-
ing memory [40].

In this study, we aimed at characterizing NK cells from
convalescent donors that overcame COVID-19 less than
6 months prior to their donation, separating them by se-
verity of the disease, as well as the study of NK cell-specific
populations that respond to the presence of SARS-CoV-2
peptides. These NK cells could help to fight the infection,
so that they could represent an off-the-shelf living drug
for cell therapy to treat COVID-19 patients under the
RELEASE clinical trial (NCT04578210).

MATERIALS AND METHODS
Donors’ characteristics

This preclinical study based on the interferon gamma
(IFN-y) release study included 6 COVID-19 convalescent
donors and 4 healthy controls (Table 1), and the immu-
nophenotype study included 40 convalescent donors and
6 healthy controls (Table 2). All the COVID-19 conva-
lescent donors were tested for SARS-CoV-2. The median
age of donors for IFN-y study was 49-6 years (range 30—
60), all of them were men. Convalescent donors for the

immunophenotype study were divided into disease severi-
ties, asymptomatic, mild (no hospitalization required),
moderate (hospitalization required) and severe (ICU
hospitalization required). There were 11 asymptomatic
donors, with a median age of 42.7 years, and IgG median
of 3-88 (range 1-09-10-6); 22 mild donors, with a median
age of 42.5 years, and IgG median of 4-23 (range 0-17-
8-74); 6 moderate donors, with a median age of 53-3 years,
and IgG median of 6-05 (range 0-49-8-96); and one se-
vere donor, age 56 and IgG 7-7. Healthy donors enrolled
in these studies had not been exposed to SARS-CoV-2.
All samples were collected through the Basque Biobank
(http://www.biobancovasco.org) under an institutional
review board-approved protocol by the Basque Committee
of Ethics and Clinical Research (P12020063). The meth-
ods were carried out in accordance with the approved
guidelines. The Basque Biobank complies with the quality
management, traceability and biosecurity, set out in the
Spanish Law 14/2007 of Biomedical Research and in the
Royal Decree 1716/2011. All study subjects were provided
written informed consent.

Cell processing and immunophenotype of
convalescent donors’ NK cells determined
by flow cytometry assay

Peripheral blood mononuclear cells (PBMCs) from
COVID-19 convalescent and healthy donors were ob-
tained from blood samples (buffy coat and/or EDTA 9-ml
tubes) by density gradient using Ficoll™ Paque Plus (GE
Healthcare 17-1440-02). Cells were frozen in FBS (Gibco)
+10% of DMSO using slow freeze method; after 48 h, cells
were stored in liquid nitrogen. For immunophenotype
studies, PBMCs were thawed and rested for 1 h at 37°C.
Next, cells were stained for 30 min at 4°C using the anti-
bodies listed in Table S1. Cell acquisition was performed
using a BD FACSCanto™ II, acquiring an average of
200,000 cells. The analysis was performed using Flow Jo
10-5.3 (Flow Jo LLC).

TABLE 1 Characteristics of

Blood Time after convalescent donors used for IFN-y assa
Donor Age Sex IgG type COVID-19 Severity . . i Y
in response to SARS-CoV-2 peptides
D1 50 M 59 0— -
D2 58 M 5-21 0+ 4 months
D2 bis 58 M 0+ 9 months
D3 30 M 5-24 A+ 3 months Moderate
D4 41 H 7-62 A— -
D5 59 H 6-7 A+ 5 months
D6 60 H 71 A+ -



http://www.biobancovasco.org

NK CELLS ‘MEMORY’ AND SARS-COV-2 VIRUS

immunology

in health and disc

B | 2

TABLE 2 Characteristic of convalescent donors for

immunophenotyping
Donor Blood
Severity ID Age Sex IgG type
Asymptomatic Al 45 M 3-02 0+
A2 52 M 1-09 A+
A3 34 M 10-6 0+
A4 51 M 1-68 B-
A5 32 F 56 0+
Ab 64 F 5-52 A—
A7 59 M 1-61 A+
A8 22 F 2-33 A+
A9 42 M 2-07 A+
A10 18 M 6-64 0+
All 51 M 2-56 A+
MILD M1 29 M 4-76 0+
M2 48 M 7-38 0+
M3 31 F 874 A—
M4 48 M 7-65 0+
M5 31 M 5-26 A+
M6 49 M 3-79 0+
M7 46 M 1-74 A+
M8 43 M 1-38 0+
M9 54 F 4-18 A+
M10 59 M 3-03 0+
M11 26 F 1-92 A+
M12 41 M 1-27 A+
M13 48 M 0-17 0—
M14 57 M 7-45 0+
M15 58 M 2-14 A+
M16 46 F 3-16 A—
M17 33 F 5-52 A+
M18 45 M 6-83 A+
M19 53 M 1-81 A+
M20 19 M 0-76 A—
M21 30 M 19 A+
M22 41 M 5-62 A—
Moderate Mol 57 M 6-78 0—
Mo2 59 M 7-42 0+
Mo3 47 M 6-44 0—
Mo4 56 M 8-96 A+
Mo5 57 M 6-22 0+
Mob 44 M 0-49 0+
Severe S1 56 M 77 A+

Note: The acronyms correspond as following: A — asymptomatic; M — mild;
Mo - moderate; S - severe.

NK cell response to SARS-CoV-2 peptides
by IFN-y detection by flow cytometry

PBMCs from convalescent and healthy donors were
thawed and rested for 1 h at 37°C. Next, NK cells were
purified using NXK cell isolation kit human (Miltenyi 130-
092-657). NK cells were plated at a density of 1*10° cells
per millilitre and rested overnight (o/n) at 37°C in RPMI
(Gibco 72400-021), 10% AB serum (Innovative Research,
Inc. ISERABHI100mI-30238), 1% penicillin/streptomy-
cin (Gibco 15140-122) and 1% GlutaMAX (Gibco 35050-
061). The following day, cells were harvested and plated
in a 96-well plate at 10¥10°/ml, plating 100 ul per well.
For positive control, 1*10° of the cells were stimulated
by adding 500 U/ml of IL-2 (Miltenyi 130-097-745) and
20 ng/ml of IL-15 (Miltenyi 130-095-762) to the culture
medium. NK cells were stimulated with individual and
pooled SARS-CoV-2 peptides (M, N, S) (Miltenyi) [41] at
a final concentration of 0-6 nmol/ml. NX cells with no
cytokines or peptides were used as a negative control.
After 5 h of stimulation at 37°C, cells were labelled with
anti-CD3 FITC (clone OKT3; BD Bioscience), anti-CD56
PE-Cy7 (clone MEM-188; BioLegend) and anti-CD16
BV421 (clone 3G8; BD Bioscience) for detecting NK cell
subset; anti-C57 APC (clone NK-1; BD Bioscience) and
anti-NKG2C BV510 (clone 134591; BD Bioscience) for
detecting ‘activated/memory’ NK cells; anti-CD62L and
anti-NKG2A for detecting naive NK cells and 7AAD
PerCP-Cy5-5 (BD Bioscience) viability marker. The pep-
tides cover the immunodominant sequence domains of
the surface glycoprotein S, the complete sequence of the
nucleocapsid phosphoprotein N and the membrane glyco-
protein M (GenBank MN908947-3, Protein QHD43416-1,
Protein QHD43423-2, Protein QHD43419-1; Miltenyi
Biotec, Germany) [8]. Then, NK cells were permeabilized
and labelled with anti-IFN-y PE (Miltenyi Biotec) clone
antibody. Cells were analysed by flow cytometry.

Freezing and thawing effect on purified
NK cells by degranulation assay

PBMCs from healthy donor buffy coats were obtained
by density gradient using Ficoll™ Paque Plus. Then, NK
cells were purified using NK cell isolation kit human.
2*10° of the NK cells were plate and rested o/n at 37°C
in RPMI, 10% AB serum, 1% penicillin/streptomycin, 1%
GlutaMAX, 500 U/ml of IL-2 and 10 ng/ml IL-15. The fol-
lowing day, a degranulation assay was performed with
these NK cells. Briefly, NK cells were cocultured with
K562 target cells at a ratio of 1:1 in a 24-well plate for 4 h
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at 37°C. At the beginning of the assay, anti-CD107a BV421
(clone H4A3; BD Biosciences) was added in order to de-
tect the degranulation activity of the effector cells against
the target cells. Golgi Stop™ (BD Biosciences) (monen-
sin) was added following the manufacturer's protocol.
After the incubation, cells were collected, washed and
labelled with anti-CD3-PerCP/Cy5-5 and anti-CD56-APC.
Degranulating NK cells (CD107a+) were determined in
the CD56+/CD3— cells. Moreover, NK cells were labelled
with previously mentioned, ‘memory/activated NK cells
panel’. The rest of the NK cells were frozen using several
freezing media: freezing medium 1 (FM1) (human plasma
+5% dimethyl sulfoxide (DMSO)), freezing medium 2
(FM2) (human plasma +10% DMSO) or freezing medium
3 (FM3) (50% plasmalyte +40% AB serum +10% DMSO).
2*10° of NK cells were frozen per cryovial. 5 days later,
NK cells from the 3 different conditions were thaw and
performed the same assays.

Donor selection, human leukocyte antigen
typing, killer immunoglobulin-like
receptors typing and large-scale NK cell
purification

The criteria for selecting convalescent donors for leuka-
pheresis were as follows: (1) specific immunophenotype
which leads to IFN-y secretion in response to SARS-
CoV-2-specific peptides (M, N, S) and (2) time passed
since COVID-19 infection. In addition, HLA and KIR
genotype of the convalescent donors was performed at
the Basque Center for Blood Transfusion and Human
Tissues (Basque Country, Spain) by NGS and Luminex,
respectively. The first chosen donor genotype was the
following HLA: A*23:01P, A*30:02P/B*35:01P,B*49:01P/
C*04:01P,C*07:01P/DRB1*13:02P,DRB1*15:01P/
DQB1*06:02P,DQB1*06:09/DPB1*04:01P,DPB1*04:01P.
KIR: KIR2DL1, KIR2DL3, KIR2DL4, KIR2DL5, KIR2DP1,
KIR2DS1, KIR2DS2, KIR2DS4, KIR2DS5, KIR3DL1,
KIR3DL2, KIR3DL3, KIR3DP1, KIR3DS1; haplotype
AB/AB. The second chosen donor genotype was the fol-
lowing HLA: A*01:01P, A*01:01P/B*44:05P,B*55:01P/
C*01:02P,C*02:02P/DRB1*07:01P,DRB1*13:01P/
DQB1*03:03P,DQB1*06:03/DPB1*04:01P,DPB1*14:01P.
KIR: KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL4, KIR2DP1,
KIR2DS2, KIR2DS4, KIR3DL1, KIR3DL2, KIR3DL3,
KIR3DP1; haplotype AB/AA.

Non-mobilized apheresis was performed at the
Basque Center for Blood Transfusion and Human Tissues
(Galdakao, Spain), and the NK cell product enrichment was
performed at the Bone Marrow Transplantation and Cell
Therapy Unit of University Hospital La Paz (Madrid, Spain)
using a CliniMACS Plus cell separation system (Miltenyi

Biotec). The donors provided written informed consent,
and the study was conducted according to the Declaration
of Helsinki protocol and the guidelines of the local eth-
ics committee (Basque Committee of Ethics and Clinical
Research (P12020063) and IRB number 5579). Both units,
Basque Center for Blood Transfusion and Human Tissues
and Bone Marrow Transplantation and Cell Therapy Unit of
University Hospital La Paz, were responsible for complying
with the requirements regarding the quality and safety of the
donation, obtaining, storage, distribution and cryopreserva-
tion of human blood cells and tissues under the Spanish-
specific regulation. Following apheresis, CD56+ cells were
purified following a two-step protocol: first, CD3 population
was depleted, and next, CD56 population was enriched by
immunomagnetic separation using CliniMACS CD3/CD56
Complete Kit and the CliniMACS Plus system (both from
Miltenyi Biotec), following the manufacturer's instructions.
CD3—/CD56+ cells were frozen using the following freez-
ing medium: 50% plasmalyte, 40% autologous plasma and
10% DMSO and stored. We were able to cryopreserve 5 ali-
quots at 1¥10° cells/kg body weight for a 100 kg patient. The
purity of the CD3-/CD56+ was analysed by flow cytometry.

Statistical analysis

The quantitative variables are expressed as mean + stand-
ard error of the mean (SEM), and qualitative variables
are expressed as percentages (%). An unpaired t-test was
used for comparison using GraphPad Prim 7 (GraphPad
Software, San Diego, CA) A p-value < 0-05 was considered
statistical significant.

RESULTS

Immunophenotype of COVID-19
convalescent NK cells

After analysing different NK markers previously de-
scribed in “materials and methods” (see Table S1), includ-
ing FMO for each antibody, from COVID-19 convalescent
donors with different severities within six months post-
infection, we observed several differences between them.
NKG2C marker is downregulated in asymptomatic and
moderate donors, although there are not significant dif-
ferences. CD57 expression is very similar severity groups,
except in the severe case, which is higher than healthy
controls and all the conditions. CD16 expression is sig-
nificantly downregulated in asymptomatic, mild and
moderate donors, comparing to healthy donors; it is also
significantly lower in mild donors comparing to moderate
donors (Figure 1a). Next, NKp30 levels are very similar in
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all the severity groups, while NKG2D is downregulated in
asymptomatic and moderate donors, with no significant
differences. On the other hand, NKp46 is highly signifi-
cantly downregulated in all convalescent groups, being
inexistent expression in severe condition. Its expression
is also significantly lower in asymptomatic donors in
comparison with mild donors (Figure 1b). The expression
of CD158a, CD158b and CD158e is very similar in all se-
verity groups. Meanwhile, NKG2A is highly upregulated

in the severe donor (Figure 1c). Finally, we barely got
any expression of the CTLA4, TIGIT and TIM3 markers.
PD1 marker is significantly downregulated in asympto-
matic and moderate donors in comparison with mild do-
nors and healthy donors (Figure 1d). Gating strategy was
done based on lymphocyte population, live cells, single
cells, CD3— cells and CD56+ cells (Figure S1a). No anti-
body overlaid as FMO showed fluorescence overlapping
(Figure S1b).
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FIGURE 1 Comparison of the expression levels of different surface markers in NK cells of COVID-19 convalescent donors of different

severities. (a) Expression of CD57, NKG2C and CD16 markers in asymptomatic, mild, moderate, severe convalescent donors and healthy

donors. (b) Expression of NKp30, NKG2D and NKp46 markers in asymptomatic, mild, moderate, severe convalescent donors and healthy

donors. (¢) Expression of CD158b, CD158a, CD158e and NKG2A markers in asymptomatic, mild, moderate, severe convalescent donors and
healthy donors. (d) Expression of CTLA4, TIGIT, TIM3 and PD1 markers in asymptomatic, mild, moderate, severe convalescent donors and
healthy donors. Asymptomatic (n = 11), mild (=22), moderate (n = 6), severe (n = 1) convalescent donors and healthy (n = 6) donors. Each
dot corresponds to an individual, and the mean with the standard error of the mean (SEM) is shown. Student's t-test was used to analyse the
data. p-value: *p < 0-05, **p < 0-005, ***p < 0-001. ***p < 0-0001

FIGURE 2 Response of convalescent donor NK cells to SARS-CoV-2-specific peptides measured by IFN-y production. (a) Percentage of
NK cells recovered from PBMCs of blood samples, in purple from convalescent donors (n = 6), in yellow from healthy donors (n = 3). Each
dot corresponds to an individual, and the mean with the standard error of the mean (SEM) is shown. (b) Representative figure of gating
strategy of the different cell subsets within de CD3- CD56+ population (NK cells). On the right below, figure expression of IFN-y production
by healthy donors’ NK cells. (c) Representative figure of CD16+ population analysis within the CD57+/NKG2C+ population (top), and the
CD57+/NKG2C+/IFN-y+ population (bottom). (d) Percentage of CD16+ population expression within CD56+ subset, CD57+/NKG2C+
subset and IFN-y+ subset of convalescent donors. Each dot corresponds to an individual, and the mean with the standard error of the mean
(SEM) is shown. (e) Percentage of IFN-y production done by convalescent donors’ NK cells in response to the presence of three different
SARS-CoV-2 peptides (M, N and S)
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FIGURE 3 Expression of the activated population CD57 + NKG2C+ and the naive NK cells population CD62L+ NKG2A+ in the
convalescent donors. (a) Representative figure of the expression of CD57 + NKG2C+ and the naive NK cell population CD62L+ NKG2A+
of the best responder (D2) and the worst responder (D4). On the left column, these populations are contained within the CD3- CD56+
population, and on the right column, these populations are contained within the CD3- CD56+ IFN-y + population. (b) Table summarizing
the percentage of CD57+ NKG2C+ and CD62L+ in each convalescent donor of IFN-y production assay

Characterization of IFN-y and memory
naive COVID-19 convalescent NK cells

We recovered less percentage of NK cells from all
COVID-19 convalescent donor samples (4-34 + 2-1) than
from healthy donor samples (5-6 + 2) (Figure 2a). We
analysed the specific response of convalescent donors NK
cells in the presence of SARS-CoV-2 peptides (Figure 2b).
We observed no response in negative control, as well as
in healthy donors (Figure S2). Not all the peptides lead
to the same response in the NXK cell population, secret-
ing different levels of IFN-y within the same convalescent
donor (Figure 2e). Regarding cytolytic (CD56+/CD16—)
and cytotoxic (CD56+/CD16+) NK cells, we observed in
the best responder (D2) that the cytolytic population are
releasing the IFN-y for the most part (Figure 2b). We also
observed a general decrease in the CD16+ population, ex-
cept for two donors (D3 and D5); when it is gating within
the CD57+/NKG2C+ population (Figure 2c) in the re-
sponder donors, it is even lower, except for D5. Moreover,
when analysing the CD574+/NKG2C+ population within

the IFN-y secreting NK cells, most of the CD16+ cells
are not releasing IFN-y, except for D5 (Figure 2d). We
obtained samples from D2 at different times during
COVID-19 recovery, at 4 months (D2) and 9 months (D2
bis), and we observed a decrease in the specificity and
amount of the response. In addition, the specific response
to SARS-CoV-2 peptides is not developed in all the conva-
lescent donors, being a donor-dependent feature (Figure
2e). This response is related to the presence of a ‘acti-
vated/memory’ NK cell population, in which the pres-
ence of a robust CD57+/NKG2C+ population leads to a
better response against the SARS-CoV-2 peptides (Figure
3a). We also observed a decrease in this population in the
D2 samples as times went by. However, in despite of this
population being a good indicator, it seems to not be the
only way of action, D1 has a good response, but lack this
‘activated/memory’ NK cell population. Moreover, con-
valescent donors with lower response to SARS-CoV-2
peptides have a higher percentage of naive NK cell mark-
ers such as CD62L and NKG2A, regardless COVID-19 se-
verity (Figure 3b).
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FIGURE 4 Flow cytometry analysis of NK cells from leukapheresis donors before and after the purification of NK cells. (a)
Representative figure of CD57+ NKG2C+ activated population expression on NK cells. On the left, before the purification, and on the right,
after purification. (b) Representative figure of CD16+ NK cell maturation marker expression. On the left, before the purification, and on the

right, after purification. (c) Comparison of the expression levels of different surface markers in NK cells before and after CliniMACS NK cell

purification. (n = 2). Each dot corresponds to an individual, and the mean with the standard error of the mean (SEM) is shown

CliniMACS depletion and enrichment

Apheresis product contained 41-72% of CD3+/CD56—
population, 0-84% of CD3+/CD56+ population and 6-98%
of CD3—/CD56+ population (NK cells). After depletion
of the CD3+ cells (see Materials and Methods section),
1-07% of the cells were CD3+. NK cell percentage was
12-05. Next, after CD56+ enrichment, we obtain a puri-
fied NK cell population of 93%.

Immunophenotype of COVID-19
convalescent NK cells after CliniMACS

A blood sample was taken from the donor at day of the
leukapheresis. The final cell product had a 96-62 + 4-1%
of NK cell purified population (CD56+/CD3—). Similar
data as we previously reported [42]. The remaining cells
from the final product of the NK cell purification were

frozen in freezing medium 3 (FM3) in cryovials contain-
ing 2*10° cells. Flow cytometry analysis was performed
of these two samples. We observed a CD57+/NKG2C+
population of 8-76% before the CliniMACS purification,
and a 29-5% population after purification (Figure 4a).
Moreover, cytotoxic NK cell population (CD56+/CD16+)
was higher after the NK cell purification procedure
(57%), while before was 23-7%. (Figure 4b). There was an
increase on rest of the markers studied in the phenotype
section after CliniMACS purification of the NXK cells, ex-
cept for TIM3 (Figure 4c).

HLA and KIR genotype of COVID-19
convalescent donors

We obtained a high-resolution HLA profile from the con-
valescent donors (Table S2). We observe a higher pres-
ence in DRB1:15:01 allele as well as in DQB1:06:02 allele,
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sometimes being co-expressed in the same individual due
to linkage disequilibrium and proximity of genes. We also
observe a more numerous appearance of HLA*C16 and
DPB1:04:01.

Regarding KIR gene expression, it is quite significant
the amount of donors that do no express KIR2DS3. We did
not find a pattern in KIR haplotype regarding the severity
of the disease (Table S3).

Comparative study to choose the
best freezing medium for COVID-19
convalescent NK cell therapy

We tried three different freezing media (FM) for preserving
properly the purified NK cells. Although viability dropped
with all three different media, FM3 preserved better the
percentage of living cells after thawing (Figure 5a). We
also checked the maintenance of the functionality and the
‘active/memory’ population in all samples thawed. As we
can observe in Figure 5b and c, in spite of the decreasing
of these two features, FM3 is still the best freezing me-
dium for preserving these qualities. Finally, we checked
the percentage of cytotoxic NK cells (CD56 dim/CD16+),
barely noticing any significant drop (Figure 5d).

DISCUSSION

Due to their specific features, NK cells are a very interest-
ing source for immunotherapy. In fact, there are several
experimental trials in which NK cells are used in order
to boost the immune system to fight against different dis-
eases. Autologous or allogenic peripheral blood NK cells
can be purified and stimulate ex vivo to treat cancer pa-
tients in risk of receiving chemotherapy or relapsed [43].
NK cells are also infused after human leukocyte antigen
(HLA)-haploidentical hematopoietic cell transplantation,
and they seem to decrease post-transplantation progres-
sion of acute leukaemia [44]. Recently, umbilical cord NK
cells have been used along with CAR-based therapy, as
CAR-NK, cells to treat B-cell malignancies [45]. Although
most of the applications are directed to treat neoplastic
malignancies, NK cells also play a key role fighting viral
infections [46], so that, these cells could benefit patients
affected with some viruses, such as SARS-CoV-2. In fact,
there are several clinical trials using NK cell-based prod-
ucts and NK cell stimulants to fight COVID-19 disease
[47].

As we observe in this work, the specific NK cell re-
sponse to SARS-CoV-2 is donor dependent, being crucial
to find key characteristics that will allow to predict a good
response against this virus. CD16 marker is described to

be downregulated in COVID-19 patients, being more pro-
nounced in severe patients [48]. This marker is still in
significantly lower percentage in asymptomatic, mild and
moderate convalescent donors; that is, they did not recover
yet the basal levels of CD16. NKG2D, NKp30 and NKp46
receptors work as direct activators, targeting virus-infected
cells [24, 49]. Elevated IL-6 in SARS-CoV-2-infected pa-
tients reduces the NKG2D expression, diminishing the ca-
pacity of NK cells of killing viral-infected cells [50]. In our
study, asymptomatic and moderate convalescent donors
have not recover NKG2D basal expression yet. We found
that NKp46 receptor is also significantly downregulated
in all the conditions of the convalescent donors. Even
though NKG2A marker is known to be overexpressed in
COVID-19 patients [51], several months after passing the
disease, we observed that convalescent donors recover the
basal levels of this marker, except for the severe convales-
cent donor, whose NKG2A expression is still upregulated.
In vivo, NK cell anti-tumour function is suppressed by the
presence of immune check point molecules such as PD1
[52]. We found that in asymptomatic, moderate and se-
vere donors, this marker is downregulated, while in mild
donors, its expression has already been restored. The de-
crease in expression of this marker could facilitate the ac-
tivation of NK cells during viral infection.
CD57+NKG2C+ NK cell population is detected in
higher frequencies in COVID-19 patients, and it has been
reported to increase along with severity of the disease [53].
The co-expression of CD57 and NKG2C surface markers
is a phenotypic signature coinciding with that observed
in adaptive NK cells [54], characterizing mature NK cells
and appearing in different viral infections such as CMV
[55]. Frequency of CD57+ NK cell population is also in-
creased when culture them with VZV, suggesting a mat-
uration when facing viral infections [40]. Upregulation of
NKG2C marker has been observed in chronic hepatitis B
virus (HBV) and HCV infections. The activation of this re-
ceptor could occur due to a viral imprinting on NK cells
[56]. In our study, we observed that convalescent donor NK
cells seem to present a more pro-inflammatory phenotype,
as CD16 marker is expressed in lower rates than expected
[57]. This pro-inflammatory phenotype, characterize by
the downregulation of CD16 marker, might represent an
important mechanism for regulating NK cell function
[58], as NK cells rapidly enter a refractory period where
CD16 molecules are shed from the surface of the cells after
NK cell activation through CD16 receptor [59]. As other
studies show, this pro-inflammatory environment usually
leads to an enhancement of the HLA-E expression (Figure
6a) [60]. We also noticed a correlation between the pres-
ences of double CD57/NKG2C-positive cells with specific
immunoresponse against SARS-CoV-2 peptides. Previous
studies in mouse models of NK activating receptor Ly49H
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and m157 murine CMV (MCMV) glycoprotein have shown MCMV infection [61]. It is suggested that in humans,
the importance of activating receptor-induced activation Ly49H receptors correlate with NKG2C expression, in re-
to maintain the NK cell population during the prolonged  active memory cells [62]. HLA-E interaction with NKG2C



NK CELLS ‘MEMORY’ AND SARS-COV-2 VIRUS

immunology " N

PRO-INFLAMMATORY ENVIRONMENT

(@)

HLA-E

(b)

NK CELL ACTIVATION
THROUGH NKG2C-HLA-E

CD57

LY
L "

W

APC

SOLUBLE .
(© PEPTIDES

® gmEn—

APC

(d)

IFN-y .
& @

o o
®

\ KG2C

IFN-y SECRETION BY ACTIVATED
ADAPTIVE NK CELL

i

IL|| CD57

NK CELL ACTIVATION THROUGH
NKG2C-SOLUBLE PEPTIDES

FIGURE 6 Potential mechanism of adaptive/‘memory’ NK cells with CD57+/NKG2C+ phenotype activation in SARS-CoV-2 infection.
(a) Pro-inflammatory environment with NK cells secretes IFN-y that leads to an increase in HLA—E expression. (b) NK cells expressing
NKG2C are activated through this receptor by HLA—E presentation. This could lead to an adaptive NK cell. (c) Adaptive NK cells could be
activated by the recognition of SARS-CoV-2-specific soluble peptides via NKG2C, which could enter a pro-inflammatory status secreting
IFN-y. (d) Activated adaptive/‘memory’ NK cells secrete IFN-y in response to SARS-CoV-2 soluble peptide-specific activation

marker leads to an activation of the NK cell (Figure 6b)
[63], which could influence an adaptive status of the NK
cell, also expressing CD57 maturation marker. Taking these
data into account, we suggest that adaptive/‘memory’ NK
cells are capable of recognizing soluble-specific peptides
through NKG2C receptor instead of using the activation
of NKG2C via HLA-E (Figure 6c) [64], and this could be
the mechanism for which some of the convalescent do-
nors respond to the presence of SARS-CoV-2 peptides, by
secreting IFN-y (Figure 6d). Moreover, the higher the ex-
pression of the double population, the better response we
obtain. However, D1 responded satisfactorily to the pres-
ence of the peptides without having this ‘adaptive’ NK cell

population. This could lead to think that this is not the only
parameter that will dictate a response, but it is one of the
more reliable ones, as the cells that express these markers
respond to the presence of the virus. However, most of the
phenotypically analysed convalescent donors do not pres-
ent this CD574+/NKG2C+ population showing that not all
of them acquire an adaptive/‘memory’ function within
their NK cells, being more similar to healthy donors’ levels.

Time passed after COVID-19 recovery might be cru-
cial in order to choose an optimal donor. As other stud-
ies suggest, SARS-CoV-2-specific memory is persistent
1-3 months after infection [65]; another one shows that
specific IgG starts decreasing at month 3 being lower at
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Month 6 after infection [66]. Actually, taking into account
the different time points of D2, a strong decrease in the
specific response is detected, suggesting that NK cells lose
the specificity over time.

All these data suggest that the presence of a NK cell
population co-expressing CD57 and NKG2C, and the time
passed from the infection are key points to select a con-
valescent donor for NX cell infusion to patients for our
clinical trial: NCT04578210.

Regarding the status of the NK cells before and after
the purification, it seems that the CliniMACS procedure
activates the NK cells, making the CD57+ NKG2C+ popu-
lation more noticeable, as well as increasing the cytotoxic
CD16+ population. This could offer an advantage when
transfusing this product to COVID-19 patients.

HLA sequencing showed a high prevalence of
DPB1:04:01 allele among convalescent donors. This al-
lele has already been reported to be the most common
one between Spaniard COVID-19 patients [67]. Moreover,
DRBI1:15:01 and DQB1:06:02 alleles strongly present in
Italian COVID-19 population [68] have also a represen-
tative expression in our donors, sometimes being present
at the same time, which is expectable due to linkage dis-
equilibrium and proximity of genes. B39 and C16 alleles
were found in higher rate in COVID-19 patients than in
healthy subjects [69], being present in some of our donors
too. Although there has not been described a correlation
between KIR gene expression and SARS-CoV-2 infection,
there are some studies concerning other viruses. KIR3DS1
in homozygosis is more frequent in HIV-negative popu-
lation, suggesting a protective role [70]. However, half
of the donors are positive for this gene, which does not
imply a key role in the infection. KIR2DL3 expression in
decreased in chronic hepatitis B patients [71], while in our
donors is mainly present. There is a remarkable absence
of expression of KIR2DS3, which has an activating role,
among our donors. This could be a key prognosis for sus-
ceptibility to SARS-CoV-2 infection.

An optimal cryopreservation of purified NK cells is
crucial for the ideal performance of the therapy. We tried
three different freezing media, and plasmalyte with 40%
AB serum and 10% DMSO resulted the best in order to pre-
serve the viability and functionality. Other groups already
used this medium with great results in conserving the NK
cells [72]. Nevertheless, in most cases, fresh NK cells are in-
fused, so that there are few studies regarding NK cell freez-
ing media. Finding an optimum cryoprotectant for NK cells
would help to drive more ‘off-the-shelf’ NK treatments.

Despite the effectiveness of different vaccines against
SARS-CoV-2, there are still numerous COVID-19 patients
in need to be treated. With no gold standard in treatment,
several clinical trials have emerged to cure this disease.
Cell therapy has shown therapeutic efficacy against

other viral respiratory infections, becoming an attractive
approach for COVID-19 [73]. Mesenchymal stem cells
(MSCs) have been used due to their intense immunomod-
ulatory effects, being a safe and effective treatment [7].
Cells from the immune system such as NK cells, T cells
and macrophage are involved in several clinical trials for
treating COVID [74, 75].

Taking all of these data into account, these allogenic
activated NK cells could be very useful for the treatment
of COVID-19, providing the tools from trained immune
system cells to attack virus-infected cells, as it is already
been proved with CD45RA— T memory cells [8, 76]. In
fact, the study of this memory capacity of NK cells against
certain viral infections might open a door for targeted cell
therapy, giving patients a more personalized treatment
against new emerging virus.
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