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Abstract: The development and persistence of SARS-CoV-2-specific immune response in immuno-
competent (IC) and immunocompromised patients is crucial for long-term protection. Immune
response to SARS-CoV-2 infection was analysed in 57 IC and 15 solid organ transplanted (TX) pa-
tients. Antibody responses were determined by ELISA and neutralization assay. T-cell response
was determined by stimulation with peptide pools of the Spike, Envelope, Membrane, and Nu-
cleocapsid proteins with a 20-h Activation Induced Marker (AIM) and 7-day lymphoproliferative
assays. Antibody response was detected at similar levels in IC and TX patients. Anti-Spike IgG,
IgA and neutralizing antibodies persisted for at least one year, while anti-Nucleocapsid IgG de-
clined earlier. Patients with pneumonia developed higher antibody levels than patients with mild
symptoms. Similarly, both rapid and proliferative T-cell responses were detected within the first
two months after infection at comparable levels in IC and TX patients, and were higher in patients
with pneumonia. T-cell response persisted for at least one year in both IC and TX patients. Spike,
Membrane, and Nucleocapsid proteins elicited the major CD4* and CD8" T-cell responses, whereas
the T-cell response to Envelope protein was negligible. After SARS-CoV-2 infection, antibody and
T-cell responses develop rapidly and persist over time in both immunocompetent and transplanted
patients.
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1. Introduction

A novel coronavirus named SARS-CoV-2 has been identified as the causative agent of
a global outbreak of a respiratory tract disease, referred to as COVID-19 [1,2].

COVID-19 is characterised by fever, cough, dyspnoea, and myalgia. In some patients
the infection results in mild symptoms that do not require hospitalization, but pneumonia
symptoms that may require invasive mechanical ventilation for a period of several weeks
can also occur [2,3].

Several studies reported that IgG antibodies persist longer in immunocompetent
patients with severe SARS-CoV-2 infection compared to milder cases [4,5]. According to
some studies, the IgG and IgA titres were higher in patients with severe symptoms [5-7].
Conversely, a study reported no difference between mild and severe immunocompetent
patients [8]. Higher titres of neutralizing antibodies (Nt Ab) were detected in the most
clinically severe cases [9-14], while no neutralizing activity was detected in plasma from
the majority of asymptomatic cases [12].

SARS-CoV-2 Spike (S) protein reactive T cells were identified in immunocompetent
patients suffering from moderate, severe, and critical COVID-19 [15] and a dominance of
CD4* T-cell over CD8" T-cell response was observed in severe COVID-19 patients [16].

Strong CD4" T-cell reactivity to the viral S, Membrane (M), and Nucleocapsid (N)
proteins was observed in mild COVID-19 immunocompetent patients, but M protein
induced the highest frequencies of CD4" T cells, when compared to S and N proteins, in
severe COVID-19 patients [17].

An important issue is the duration of the immune response. A recent study reported
that a T-cell response was measurable in 95% of subjects 5 to 8 months post symptoms,
indicating that durable immunity against secondary COVID-19 is possible in immunocom-
petent patients [18].

However, the characteristics of the immune response to SARS-CoV-2 in immuno-
compromised patients, such as transplant recipients, has been poorly investigated. A
first study analysing the anti-SARS-CoV-2 N IgG antibody in liver transplanted patients
showed an earlier and more pronounced decline of IgG serum levels in transplant recipi-
ents compared with immunocompetent controls, although anti-N IgG antibody was still
detectable 6 months after symptoms onset in most patients [19]. Another study showed
no difference in humoral and cellular antiviral immunity between transplanted and non-
immunosuppressed patients [20].

The objective of the current study was to evaluate the antigen-specific antibody and
T-cell responses in SARS-CoV-2-infected immunocompetent and solid organ transplanted
(kidney, lung, and heart) patients with pneumonia or mild symptoms, analysed in the
convalescent phase until one year after SARS-CoV-2 infection.

2. Materials and Methods
2.1. Study Subjects

From March 2020 to December 2020, 72 post-COVID-19 patients (57 immunocompe-
tent (IC) and 15 solid organ transplanted (TX) patients) were enrolled in the study after
diagnosis of SARS-CoV-2 infection by nasal swab testing. TX patients were receiving
immunosuppressive treatment with a calcineurin inhibitor plus mofetil-mycophenolate
(n = 10) or everolimus (1 = 4), and one patient was receiving sirolimus plus mofetil-
mycophenolate. In addition, four patients were receiving low dose steroid treatment. The
study protocol was approved by the ethics committee (P-20200046007) and patients signed
informed consent.
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Blood samples from 30 IC patients with pneumonia were collected in the convales-
cent phase of the infection, after viral clearance (median: 58; range (45-100) days after
infection) and 11 of them were analysed also at a late time point (212; (186-400) days).
In addition, 14 IC patients with mild symptoms were analysed at the early time point
(48; (30-100) days) and 13 other IC patients with mild symptoms were analysed at a late
time point (192; (150-306) days).

Among TX patients, 9 had pneumonia and 6 mild symptoms; sequential blood sam-
ples from TX patients were collected at sequential time points (from 5 to 309 days) after
infection. For comparison with IC patients, we selected an early (patients with pneumonia:
60; (30-62) days, and patients with mild symptoms: 54; (26-75) days) and a late time
point (patients with pneumonia: 233; (164-309) days, and patients with mild symptoms:
167; (150-207) days) after infection.

Pneumonia was defined on the basis of a chest x-ray. The main clinical characteristics
of the patients are shown in Table 1.

Table 1. Patient characteristics.

Immunocompetent (IC) (n=57) p Value Transplanted (TX) (n = 15) p Value I’(,Z Z:h_l;x
Pneumonia Mild Pneumonia Mild
Subjects % (n) 53% (30) 47% (27) 60% (9) 40% (6)
Transplanted Organ:
Kidney % (n) na na 78% (7) 33% (2)
Heart % (n) na na 11% (1) 33% (2)
Lung % (n) na na 11% (1) 33% (2)
ﬁ‘;‘; gﬁﬁ;ﬁﬂiﬁs na na 89 [3-288] 20 [1-43]
Age, Median [range] 62 [44-81] 45 [21-61] p <0.001 58 [48-71] 59 [39-65] Op 5; 6 p=0.119
o 63% 48% (13)/52% 78% (7)/22%  83% (5)/18%
Sex, M/F % (n) (19)/37% (11) (14) p=0.358 @) () p=1 p=0.079
Symptoms:
Fever % (n) 90% (27) 70% (19) 100% (9) 33% (2)
Rhinitis %(n) 0 24% (8) 0 0
Cough % (n) 43% (13) 26% (7) 50% (4) 33% (2)
Sore Throat % (n) 0 11% (3) 13% (1) 0
Conjunctivitis % (n) 0 0 13% (1) 0
Ageusia % (n) 7% (2) 56% (15) 0 33% (2)
Anosmia % (n) 3% (1) 56% (15) 0 0
Gastrointestinal % (n) 17% (5) 19% (5) 50% (4) 50% (3)
Headache % (n) 3% (1) 44% (12) 13% (1) 33% (2)
02 supply, % patients
(n):
no 3% (1) 100% (27) 56% (5) 100% (6)
<5 mL/min 27% (8) 0 33% (3) 0
>5 mL/min 70% (21) 0 11% (1) 0 p <0.001
Duration of SARS-CoV-2
infection, Median 20 [4-38] 20 [12-29] 17 [10-36] 7 [4-25] p=0773
[range] Days
Outcome:
Live % (n) 100% (30) 100% (27) 100% (9) 83% (5)

na = not available.

2.2. Antibody Assays

Anti-S IgA and IgG, and anti-N IgG were determined by ELISA (Euroimmun AG,
Luebeck, Germany) according to the manufacture’s guidelines. Results were evaluated
semi-quantitatively by calculation of the ratio of the extinction of the control or patient
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sample over the extinction of the calibrator. This ratio was interpreted as follows: <0.8
negative; >0.8 to <1.1 borderline; >1.1 positive.

Neutralizing antibody (Nt Ab) serum titre was determined as previously reported [21].
Results were considered positive if higher or equal to 1:10 serum titre.

2.3. Protein Peptide Pools

To evaluate the antigen-specific T-cellular response, peptide pools (15 mers, over-
lapping by 10 amino acids, Pepscan, Lelystad, The Netherlands) representative of the S,
Envelope (E), M, and N proteins, were used. A peptide pool of human actin (15 mers,
overlapping by 10 amino acids, Pepscan, Lelystad, The Netherlands) was used as a negative
control.

2.4. PBMC Isolation

Peripheral whole blood was collected in serum separator tubes and heparin-treated
tubes. Peripheral blood mononuclear cells (PBMCs) were isolated by standard density
gradient centrifugation using Lymphoprep (Sentinel Diagnostics, Milano, Italy). Isolated
PBMCs were cryopreserved in cell freezing medium containing 10% dimethyl sulfoxide
(DMSO) (Corning, NY, US.), supplemented with 90% heat inactivated fetal bovine serum
(FBS, Sigma, St. Louis, MO, US) and stored in liquid nitrogen.

2.5. Activation Induction Marker Assay

To evaluate antigen-specific rapid T-cell response, PBMCs were stimulated for 20 h
with SARS-CoV-2 specific peptide pools from S, E, M, N, and peptide pool of human actin
[1 ng/mL] in the presence of co-stimulator molecules CD28 and CD49d (BD Bioscience,
Franklin Lakes, New Jersey, USA. Cell were seeded in 96-wells round bottom plates at
a density of 0.5-1 x 10° cells/200 uL culture medium per well. Culture medium was
RPMI 1640 (Euroclone, Milano, Italy) supplemented with 2 mM L-glutamine (Euroclone),
100 U/mL penicillin and 100 pg/mL streptomycin solution (Euroclone), and 10% of heat
inactivated FBS.

After culture, cells were washed with PBS 2 mM EDTA and stained in PBS with
Live/Dead Fixable Violet Dye (Invitrogen, Waltham, Massachusetts, USA) for 30 min
at 4 °C. After rising with PBS and staining in PBS 5% FCS with CD4 APC Cy7 (BD
Biosciences), CD8 V500 (BD Biosciences), CD25 PECy7 (BD Biosciences) and CD137 PECy5
(BD Biosciences) antibodies for 30 min at 4 °C. Finally, cells were washed and resuspended
in PBS 1% paraformaldehyde.

Antigen-specific T-cell frequency was determined by subtracting the frequency of
CD25"CD137* CD4* or CD8* detected in PBMC incubated with actin peptides from the
frequency of CD257CD137* CD4" or CD8" detected in PBMC incubated with SARS-CoV-2
peptides. To determine the cut-off for antigen-specific T-cell frequency, samples from seven
SARS-CoV-2-seronegative subjects were tested. A value < 0.05% antigen-specific T-cells
was considered negative while a value > 0.05% was considered positive.

Flow cytometry analyses were performed with a FACS Canto II flow cytometer and
BD DIVA software (BD Biosciences). A representative pseudocolor plot analysis is shown
in Supplementary Figure S1.

2.6. Antigen-Specific Cytokine Production

Supernatant concentrations of cytokines and chemokines were measured in duplicate
using BioPlex Pro Human Cytokine Screening Panel (27-Plex #M500KCAF0Y, Bio-Rad,
Hercules, CA, United States) according to the manufacturer’s instructions. All the cells’
supernatants were inactivated for 60 min at 56 °C at the same time before analysis. The
supernatants were measured undiluted and culture medium was used as diluent for
standards and control. All the results are analysed with BIO-PLEX manager software 6.0.
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2.7. Detection of Antigen-Specific CD4*and CD8* T-Cell Proliferative Response

To evaluate antigen-specific proliferative response, PBMCs (600,000/200uL culture
medium per well) were stimulated in triplicate in 96-well round-bottom plates with SARS-
CoV-2 and human actin peptide pools at a final concentration of 0.1 ug/mL for 7 days.
Culture medium was the same as the AIM assay supplemented with 5% heat inactivated
human serum AB (Sigma), 1 mM Sodium Pyruvate (Gibco, Grand Island, NY, USA),
100 uM non-essential amino acids (Euroclone), and 50 uM 2-Mercaptoethanol (Gibco).
After culture, cells were washed, stained with Live/Dead Fixable Violet Dye (Invitrogen)
and subsequently with CD3 PerCP 5.5 (BD), CD4 APC Cy7 (BD), CD8 FITC (BD), CD25
PECy7 (BD), CD278 (ICOS) APC (Invitrogen). Finally, cells were washed and resuspended
in PBS 1% paraformaldehyde.

A Cell Proliferation Index (CPI) for antigen-specific expanded T-cells was determined
by subtracting the percentage of CD25*ICOS* CD3*CD4" or CD3*CD8* detected in PBMC
incubated with actin peptides from the percentage of CD25*ICOS™ T-cell subsets detected
in PBMC incubated with SARS-CoV-2 peptides. To determine the cut-off for antigen-
specific CPI, samples from five SARS-CoV-2-seronegative subjects were tested. A CPI
<1.5% was considered negative while a value >1.5% was considered positive.

Flow cytometry analyses were performed with a FACS Canto II flow cytometer and
BD DIVA software (BD Biosciences). A representative pseudocolor plot analysis is shown
in Supplementary Figure S2.

2.8. Statistical Analysis

Statistical analyses were performed with GraphPad Prism 6. The Mann-Whitney
U-test or Wilcoxon signed-rank test were applied for unpaired or paired comparison,
respectively, while the Friedman test was applied for multiple comparisons.

3. Results
3.1. Characteristics of the Patients Analysed

As reported in Table 1, IC patients with pneumonia were significantly older than
patients with mild symptoms, whereas no difference in age was observed between TX
patients with pneumonia or mild symptoms. IC patients with pneumonia required a higher
oxygen supply than TX patients, whereas durations of SARS-CoV-2 infection (i.e., duration
of SARS-CoV-2 RNA positivity in nasopharyngeal swabs) was not significantly different
among the groups of patients. One of the six TX patients with mild symptoms died from
sudden death five months after the resolution of SARS-CoV-2 infection, with no apparent
direct link with COVID-19.

3.2. Antigen-Specific Antibody Response in Convalescent COVID-19 IC and TX Patients

SARS-CoV-2 specific antibody response in post COVID-19 IC and TX patients was
compared at two sequential time points during convalescent periods, in both pneumonia
and mild symptoms patients. All subjects with pneumonia showed detectable anti-S IgG
and IgA from two months until one year after infection (Figure 1A,B). Notably, higher
antibody levels developed in IC patients with pneumonia (Figure 1 solid red bars) than in
IC patients with mild symptoms (Figure 1 solid blue bars). Anti-S IgG was higher in IC
patients with pneumonia both at early (p < 0.001) and late (p < 0.001) time points, whereas
anti-S IgA and anti-N IgG were higher in IC patients with pneumonia only at the early time
point. In TX patients, no significant difference was observed for anti-S IgG, anti-S IgA, and
anti-N IgG between patients with pneumonia (Figure 1 empty red bars) and patients with
mild symptoms (Figure 1 empty blue bars). Only two TX patients, who had gastrointestinal
symptoms only, did not develop a detectable antibody response.

Peak antibody response was detected within the first two months after infection and
a significantly higher level was detected in IC than in TX patients with pneumonia for
anti-S and anti-N IgG (p < 0.001 and p = 0.030, respectively; Figure 1A,C). In IC patients
with pneumonia, while anti-S IgG persisted at constant levels for at least one year after
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infection, a decline of anti-N IgG and anti-S IgA levels (p = 0.007 and p = 0.019, respectively)
was observed. The three antibody subclasses declined at late time points in TX patients
with pneumonia, but did not change significantly in both IC and TX patients with mild
symptoms, (only 2/13 IC patients with mild symptoms did not display anti-S and anti-N

antibodjies at the late time point).
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Figure 1. The antigen-specific antibody response was compared between immunocompetent (IC) and transplanted (TX)
patients with pneumonia or mild symptoms at early and late time points. (A) Anti-Spike (S) IgG. (B) Anti-Spike (S) IgA.
(C) Anti-Nucleocapsid (N) IgG. (D) Nt Ab. Early time point: patients with pneumonia, IC median 58 (range 45-100); TX
60 (30-62) days after infection; patients with mild symptoms, IC 48 (30-100); TX 54 (26-75) days after infection. Late time
point: patients with pneumonia, IC median 212 (range 186-400); TX 233 (164-309) days after infection; patients with mild
symptoms, IC 192 (150-306); TX 167 (150-207) days after infection. * p < 0.05, ** p < 0.01, *** p < 0.001.

A trend similar to that of anti-S IgG was observed for Nt Abs. Nt titre was higher
in IC patients with pneumonia than in patients with mild symptoms at early (p = 0.060)
and late (p = 0.048) time points (Figure 1D). In TX patients, no significant difference was
observed in Nt Ab levels in patients with pneumonia and mild symptoms at early and late
time points (Figure 1D). Nt Abs persisted for at least one year in most IC and TX patients.

Antibody responses were analysed in sequential samples from TX patients: anti-S
IgG and IgA persisted for at least one year after infection (Figure 2A,B), conversely anti-N
IgG started to decline as early as 90 days after COVID-19 diagnosis (Figure 2C). In two
TX patients with mild symptoms, the antibody levels increased over time. We could
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OD Ratio

hypothesize that sustained virus replication below detection levels, or an undiagnosed
secondary infection, might have boosted the antibody response.

A) IgG Sars-CoV-2(S)  n=15 B) IgA Sars-CoV-2 (S)  n=15
14 14
12 12
10 o 19
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o 4
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Figure 2. Antibody response kinetics in transplanted patients with pneumonia or mild symptoms. (A) Anti-Spike (S) IgG;
(B) anti-Spike (S) IgA; (C) anti-Nucleocapsid (N) IgG. Red lines represent pneumonia patients; light blue lines represent
patients with mild symptoms. Light blue lines with white circles represent patients with gastrointestinal symptoms.

3.3. Effector and Memory T-Cell Responses in IC and TX Patients after COVID-19

We considered the SARS-CoV-2 T-cell response as the sum of the single antigen-specific
responses. Within the first two months after COVID-19 onset, both IC and TX patients
showed SARS-CoV-2 specific rapid T-cell response (as detected by the AIM assay) at similar
levels. At the early time point, CD4" T-cell levels were higher in patients with pneumonia
(Figure 3 IC solid red bars, TX empty red bars) than those with mild symptoms (Figure 3
IC solid blue bars, TX empty blue bars) (in IC p < 0.001 and in TX p = 0.013) (Figure 3A). A
similar difference was also observed at early time point for CD8" T cells (in IC p = 0.016),
although SARS-CoV-2 CD8" T-cell levels were lower than CD4* (Figure 3B).

We also evaluated the T-cell proliferative response in IC and TX patients with pneu-
monia and mild symptoms after SARS-CoV-2 infection. Only in IC patients at the early
time point did we observe a significant difference between patients with pneumonia or
mild symptoms in proliferative CD4* and CD8" T-cell responses (p < 0.001). Nevertheless,
as also observed for rapid T-cell activation, SARS-CoV-2-specific T-cell proliferation was
detected mainly in the CD4" than the CD8" T-cell subset (Figure 3C,D). Interestingly, the
antigen specific T-cell proliferative response did not decrease significantly until the late
time point (Figure 3) in both IC and TX patients.
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Figure 3. SARS-CoV-2-specific T-cell responses were compared between immunocompetent (IC) and transplanted (TX)

patients with pneumonia or mild symptoms at early and late time points. (A) SARS-CoV-2-specific CD4" and (B) CD8*
T-cells (rapid Activation Induced Marker assay); (C) CD4* T-Cell Proliferation Index; (D) CD8* T-Cell Proliferation Index.
Early time point: patients with pneumonia, IC median 58 (range 45-100); TX 60 (30-62) days after infection; patients with
mild symptoms, IC 48 (30-100); TX 54 (26-75) days after infection. Late time point: patients with pneumonia, IC median 212
(range 186—400); TX 233 (164-309) days after infection; patients with mild symptoms, IC 192 (150-306); TX 167 (150-207)
days after infection. * p < 0.05; *** p < 0.001.

The production of Th1l (IFNvy, TNF«, IL-2, MIP-1« and MIP-1f3) and Th2 (IL-4 and
IL-5) cytokines and IL-10 was evaluated after 20 h stimulation with S protein in IC and TX
patients.

As observed with the AIM assay, PBMCs from IC patients with pneumonia produced
the higher levels of both Th1 and Th2 cytokines at the early time point (Figure 4, solid red
bars). A significant decrease of cytokine production in IC patients with pneumonia was
observed at the late time point. Similar levels of cytokine production were observed in TX
patients with pneumonia (Figure 4, empty red bars) or mild symptoms (Figure 4, empty
blue bars). There was no difference in the relative production of Th1 and Th2 cytokines
between patients with pneumonia or mild symptoms. In both the IC and TX groups, IL-10
production was detected at low levels, with higher concentrations detected in IC patients
with pneumonia.
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Figure 4. Cytokine production of T-cells after stimulation with Spike (S) peptide pools in immunocompetent and trans-
planted patients with pneumonia or mild symptoms at early and late time points. (A) IFN-y. (B) IL-2. (C) TNF-«.
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with pneumonia, median 220 (range 164-400); days after infection; patients with mild symptoms, 189 (150-306) days after
infection. * p < 0.05; ** p < 0.01; ** p < 0.001.
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In order to investigate which of the SARS-CoV-2 antigens (S, M, and N proteins)
elicited the major T-cell response, we considered IC and TX patients together and analysed
the T-cell response by dividing the subjects into patients with pneumonia (Figure 5, red
bars) and mild symptoms (Figure 5, blue bars). T-cell response to E protein was negligible.
At the early time point, pneumonia patients showed a slightly higher rapid CD4* T-cell
response directed more against the M than S protein (p = 0.020), but no difference was
observed at the late time point (Figure 5A). No significant difference in antigen specificity
was observed in the CD8" T-cell response (Figure 5B) and in patients with mild symptoms.
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Figure 5. The T-cell dominant specificity after stimulation with Spike (S), Membrane (M), and Nucleocapsid (N) peptide
pools in patients with pneumonia or mild symptoms at early and late time points (immunocompetent and transplanted were
considered together). (A) Antigen-specific CD4" T-cells and (B) CD8" T-cells (rapid Activation Induced Marker assay); (C)
CD4* T-Cell Proliferation Index; (D) CD8" T-Cell Proliferation Index. Early time point: patients with pneumonia, median 59
(range 30-100) days after infection; patients with mild symptoms, 52 (26-100) days after infection. Late time point: patients
with pneumonia, median 220 (range 164-400); days after infection; patients with mild symptoms, 189 (150-306) days after
infection. * p < 0.05; ** p < 0.01; *** p < 0.001.

Conversely, we observed that S protein induced the major CD4* and CD8* T-cell
proliferative response (Figure 5C,D). In particular, we noticed higher response to S than N
(p <0.001 for CD4* and CD8") or M proteins (p = 0,040 for CD4*and p < 0.001 CD8*) in the
pneumonia group at the early time point. Additionally, in mildly symptomatic patients,
CD4" and CD8" T-cells proliferated in response to the S protein significantly more than to
the M protein (p = 0.020) at the early time point post infection (Figure 5C,D). At the late time
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point, a similar trend was observed for the CD4* T-cell proliferative response particularly
in pneumonia patients. We demonstrate the antigen-specific T-cell proliferative response
separately considering the immunocompetent and transplanted patients in Supplementary
Figure S3.

According to our observation, the antigen specific T-cell response was better detected
with the proliferation than the AIM assay at the late time point. In fact, 5/31 patients
did not show SARS-CoV-2 specific CD4" T-cells with the AIM assay, while a proliferative
response was still detectable. Similarly, 13/31 patients with no CD8" response according to
the AIM assay showed a proliferative response.

4. Discussion

In this study, we evaluated the antigen-specific antibody and T-cell responses in post-
COVID-19 IC and TX patients with pneumonia or mild symptoms, analysed from the
convalescent phase until one year after infection.

Here, we show that all patients with pneumonia and most patients with mild symp-
toms (both IC and TX) developed detectable and persistent anti-S IgG and IgA antibodies
from two months until at least one year after infection (although antibody levels decreased
with time), while anti-N IgG levels disappeared at the late time point in most TX patients.
Notably, IC but not TX patients with pneumonia developed higher IgG, IgA, and Nt Ab
levels than patients with mild symptoms. Only two TX patients, who had isolated gastroin-
testinal symptoms, did not develop a detectable antibody response. We could hypothesize
that in these two patients the viral load was not sufficient to elicit a systemic antibody
response, but triggered an immune reaction at the local mucosal level only. At the early
time point, rapid CD4* T-cell response was higher in patients with pneumonia, while the
CD8* T-cell response was poor in all patients. We also observed a significant difference
at the early time point in proliferative CD4" and CD8* T-cell responses between IC (but
not TX) patients with pneumonia or mild symptoms. However, conversely to antibody
levels, antigen specific T-cell responses did not decrease significantly within 12 months
after infection both in IC and TX patients.

Interestingly, both the Nt Ab and T-cell responses developed at similar levels in IC
and TX patients, although, among patients with pneumonia, we observed a higher anti-S
and anti-N IgG antibody levels in IC patients. This observation could be explained by
the fact that, according to the oxygen supply required, the IC patients analysed in our
study had more severe pneumonia than the TX patients. Therefore, we could hypothesize
that IC pneumonia patients received a higher inflammatory stimulus, which may have
contributed to the induction of a higher but not more functional (since the Nt Ab response
was not significantly different) IgG antibody response. Although the levels of antibodies
were sustained overtime especially in pneumonia patients, at present the level required for
protection against secondary infections or disease is unknown.

Regarding the antigen specificity of the T-cell response, while T-cells elicited by the E
protein were negligible, we did not find a significant difference in the rapid response for the
S, M, or N proteins (with the exception of the higher CD4* T-cell response for the M protein
in IC patients with pneumonia at the early time point). Conversely, we observed that the
S protein induced the major proliferative CD4* and CD8" T-cell responses. We observed
no difference in Th1 and Th2 cytokines production in IC and TX patients, except that IC
patients with pneumonia produced the higher levels of cytokines. This is in line with
the higher rapid T-cell activation observed in this group of patients with the AIM assay.
Previous reports reported Th2-skewed cytokine production in SARS-CoV infected patients
developing pneumonia, but no difference was found in the quality of cytokines detected in
S-specific T-cells in patients developing pneumonia after SARS-CoV-2 infection [22].

So far, few studies investigated antibody and T-cell immunity in COVID-19 TX pa-
tients [19,21]. However, these studies have exclusively focused on the acute infection and
convalescent phase, while reports on long-term persistence of immunity are missing.
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Previous studies showed that TX patients achieve a serological response and T-cell
cytokine production comparable to that of IC patients during the early convalescent phase.
Nonetheless, a certain delay in achieving such strong immune response was observed
among TX patients [23]. In addition, liver transplanted patients exhibited lower persistence
of anti-N IgG antibodies within the first 6 months post-infection and a more pronounced
antibody levels decline [19], as also observed in our study.

Several studies reported that IgG and IgA levels were higher in IC patients with severe
symptoms [5-7], while other studies reported no difference between mild and severe IC
patients [8]. Our data confirm that IC but not TX patients with pneumonia (the latter
showing less severe disease) develop higher levels of anti-S and anti-N IgG, and anti-S IgA
than patients with mild symptoms.

We observed a dominance of rapid CD4* over CD8" T-cell response in post-COVID-19
IC (and TX) patients, as reported by Weiskopf et al. [16]. Concerning the antigen specificity
of the T-cell response, strong reactivity to the viral S and M proteins in IC patients with mild
and severe symptoms was reported [17]. We observed a slightly major rapid CD4" T-cell
response directed to the M protein only in IC pneumonia patients and we can support that
the “effector” T-cell response appears the same for all SARS-CoV-2 proteins analysed (S, M
and N), while the major reactivity of the proliferative T-cell response is directed towards
the S protein. In addition, the proliferative assay appears more sensitive in detecting the
CD4* and, particularly, CD8" T-cell responses compared to the AIM assay, especially at the
late time point.

Dan et al. reported a duration of the immune response until at least 5-8 months post
symptoms [18]; we extended the observation of the persistence of the immune response
until one year after infection.

Different studies have reported a significantly higher risk of fatal outcomes among
TX patients developing COVID-19 as compared to the healthy population [23-27]. The
main hypothesis for these poorer outcomes is based on their T-cell immunocompromised
status. Nevertheless, we observed robust and persistent antigen-specific antibody and
T-cell responses at comparable levels in TX and IC patients. Although most patients in
our study were more than 6 months post-transplantation and in the immunosuppression
maintenance phase, we did not observe an impaired immune response in the three patients
of the study who developed COVID-19 soon after transplantation. In contrast to trends
observed with mRNA SARS-CoV-2 vaccines, which are less effective in eliciting B and
T-cell responses in TX than IC individuals [28-30], we observed natural SARS-CoV-2
infection elicits a robust immune response in both patient groups. It is possible that natural
infection provides stronger or more prolonged stimulation than mRNA vaccines, able
to overcome the immunosuppressed status of TX patients, while administration of three
instead of two vaccines does appear to be a better strategy for transplant recipients [31,32].
In addition, a previous study conducted at our Institution showed that the outcome of TX
patients was substantially favourable after SARS-CoV-2 infection [33]. The low severity of
COVID-19 in our cohort of TX patients might be explained both by the rigorous controls
adopted in fragile patients, which may have facilitated their early diagnosis, hospitalization,
and treatment, and by the fact that their immunosuppression status did not impair the
development of an effective immune response. In addition, immunosuppressive therapy
may have avoided the development of the immune-mediated inflammatory complications
observed in severe COVID-19 patients. The higher oxygen requirement of IC patients might
have been due to the excess inflammation and, therefore, damage to tissues, which may
have been reduced by immunosuppressive agents in TX patients. However, the number of
patients analysed in our study is too low to draw information on the severity of COVID-19
in TX vs. IC patients.

There are some limitations in this study such as the small sample size and cross-
sectional analysis conducted in IC patients with mild symptoms at early and late time
points.
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In conclusion, despite immunosuppressive therapy, TX patients developed a robust
immune response after SARS-CoV-2 infection, comparable to that observed in IC patients.
The immune response persists until one year after SARS-CoV-2 infection, and it is likely
that the immunological memory could persist for a long time and may protect both the IC
and TX populations from SARS-CoV-2 secondary infections [34,35]. Future evaluation of
the magnitude and persistence of the immune response elicited by SARS-CoV-2 vaccines in
transplant recipients would provide essential information about immune protection from
COVID-19 that could be achieved in this fragile population.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13112261/s1, Figure S1. Activation Induction Marker Phenotyping Flow Cytometry. Rep-
resentative gating of antigen specific effector CD4+ and CD8+ T-cells from post COVID-19 im-
munocompetent patients PBMC after stimulation with Spike, Membrane, Nucleocapsid and Human
actin peptide pools. Briefly, lymphocytes cells were gated out of all events followed by subsequent
singlet gating. Live cells are gated as Pacif Blue and cells were then gated as CD4 APC Cy7+
and CD8 V500+. T-cells were further subdivided into CD4+ CD137 PECy5+ CD25 PECy7+ and
CD8+ CD137 PECy5+ CD25 PECy7+ population, Figure S2. Lymphoproliferation Phenotyping Flow
Cytometry. Representative gating of antigen specific memory CD4+ and CD8+ T-cells from post
COVID-19 immunocompetent patients PBMC after stimulation with Spike, Membrane, Nucleocapsid
and Human actin peptide pools. Briefly, lymphocytes cells were gated out of all events followed
by subsequent singlet gating. Live cells are gated as Pacif Blue and cells were then gated as CD3
PERCP5.5+. T cells were further subdivided into CD4 APC Cy7+ and CD8 FITC+ population. T cells
were defined as CD4+ ICOS APC+ CD25 PECy7+ and CD8+ ICOS APC+ CD25 PECy7+, Figure S3.
The T-cell dominant specificity after stimulation with Spike (S), Membrane (M) and Nucleocapsid
(N) peptide pools in immunocompetent (IC) and transplanted (TX) patients with pneumonia or
mild symptoms at early and late time points. (A) SARS-CoV-2-specific CD4+ and (B) CD8+ T-cells
(rapid Activation Induced Marker assay); (C) CD4+ T Cell Proliferation Index; (D) CD8+ T-Cell
Proliferation Index. Early time point: patients with pneumonia, IC median 58 (range 45-100); TX 60
(30-62) days after infection; patients with mild symptoms, IC 48 (30-100); TX 54 (26-75) days after
infection. Late time point: patients with pneumonia, IC median 212 (range 186-400); TX 233 (164-309)
days after infection; patients with mild symptoms, IC 192 (150-306); TX 167 (150-207) days after
infection. * p < 0.05; ** p < 0.01; *** p < 0.001.
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