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This work describes that cellular responses against SARS-CoV-2 M-protein can be
detected after 10 months but were lost against S- and N-proteins. Moreover, the
individual factors; ABO-group and age influence the sustainability of the specific

humoral and cellular immunity against SARS-CoV-2.
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32

33 Abstract

34  Since December 2019, the coronavirus disease 2019 (COVID-19), caused by the severe acute
35 respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread throughout the world. To
36 eradicate it, it is crucial to acquire a strong and long-lasting anti-SARS-CoV-2 immunity, by either
37 natural infection or vaccination. We collected blood samples 12-305 days after positive
38 polymerase chain reactions (PCRs) from 35 recovered individuals infected by SARS-CoV-2.
39 Peripheral blood mononuclear cells were stimulated with SARS-CoV-2-derived peptide pools,
40  such as the Spike (S), Nucleocapsid (N), and Membrane (M) proteins, and we quantified anti-S
41 immunoglobulins in plasma. After 10 months post-infection, we observed a sustained SARS-CoV-
42  2-specific CD4+ T-cell response directed against M-protein, but responses against S- or N-
43 proteins were lost over time. Besides, we demonstrated that A-group individuals presented
44  significantly higher frequencies of specific CD4+ T-cell responses against Pep-M than O-group
45 individuals. The A-group subjects also needed longer to clear the virus and they lost cellular
46  immune responses over time, compared to the O-group individuals, who showed a persistent
47  specific immune response against SARS-CoV-2. Therefore, the S-specific immune response was
48  lost over time, and individual factors determine the sustainability of the body’s defences, which
49 must be considered in the future design of vaccines to achieve continuous anti-SARS-CoV-2

50 immunity.


https://doi.org/10.1101/2021.05.23.445114

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.23.445114; this version posted May 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

51 Introduction

52  Since December 2019, a new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
53  causing coronavirus disease 2019 (COVID-19), has spread worldwide, triggering various clinical
54 manifestations in infected patients, such as dry cough, fatigue, fever, diarrhoea, and
55 pneumonia(Wang et al., 2020). The SARS-CoV-2 pandemic poses a serious health threat to the
56  global population. The most effective way to protect the population would be to achieve
57 widespread anti-SARS-CoV-2 immunity, after either natural infection or vaccination. Strong anti-
58 SARS-CoV-2 immunity is crucial for reducing the spread of the virus, and information about the
59 immune system's sustainability or efficiency in fighting the virus is central to improving patient
60  management (Greenhalgh et al., 2020; Pascarella et al., 2020). Indeed, even people with mild
61 symptoms may experience long-term sequelae and, possibly, immune dysregulation, and it is
62 unknown if these long-term symptoms could be associated with re-infection or future

63 pathogenesis (Carfi et al., 2020; Huang et al., 2021; Rubin, 2020).

64  Markers of the protective humoral response, such as total anti-SARS-CoV-2 immunoglobulins
65 and neutralizing antibodies, have been observed to decrease in convalescent individuals, even
66  though a potential long-lasting humoral B-cell memory subset was detected (Beaudoin-
67 Bussiéres et al., 2020; Long et al., 2020; Ogega et al., 2020). The loss of humoral immunity has
68 been associated with increased cases of COVID-19 recurrence (Gousseff et al., 2020;
69  SeyedAlinaghi et al., 2020; To et al., 2020). These recurrences can be due to re-infection or viral

70 re-activation; in both cases, immunity is at the centre of viral clearance.

71  Lessis known about long-term cellular protection, which is pivotal for resolving viral infections
72  and developing long-lasting immunity. Positive and promising results have suggested that
73 cellular immunity can be generated during SARS-CoV-2 infection (Bilich et al., 2021a; Kim et al.,
74 2020; Peluso et al., 2021), as demonstrated in SARS coronavirus infection, where memory T-cells

75  could be detected 11 years after infection (Ng et al., 2016). The detection of these specific T-
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76 cells comprises evidence for potential pre-existing immunity mediated by T-cells cross-reactive
77 to human common-cold coronaviruses, which might protect against SARS-CoV-2 infection
78 (Grifoni et al., 2020; Le Bert et al., 2020; Prévost et al., 2020). Induced T-cell immunity also
79 appears to play a critical role in SARS-CoV-2 clearance, with studies reporting strong T-cell
80 responses in acute infection up to the convalescence phase (Grifoni et al., 2020; Sekine et al.,
81  2020). Therefore, we studied the persistence of the antigen-specific response in individuals that
82 had recovered from COVID-19, along with possible individual factors related to the duration and
83 intensity of the immune response. Such information could help in the stratification of individuals

84  according to re-infection risk factors, in order to prioritize those at high risk for immunization.

85
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86 Results
87 Study participants

88  Atotal of 35 individuals were recruited following recovery from COVID-19, including 29 patients
89  with mild symptoms, two patients with moderate symptomatology, and four asymptomatic
90 cases, according to the WHO Working Group on the Clinical Characterisation and Management
91  of COVID-19 infection (infection, 2020). The donors had documented dates for PCR positivity
92 (PCR+) and/or PCR negativity (PCRneg). At the time of the study, they no longer presented
93 symptoms related to COVID-19 (Table 1 shows the participants’ characteristics). No significant
94 differences in gender or age were noted between the asymptomatic, mild, and moderate
95 individuals. A total of 94.3% of the subjects were never hospitalized for COVID-19, while 5.7%
96  were hospitalized with moderate symptoms (n = 2), none of whom required intensive care unit

97  care (Table 1). The subjects’ ages ranged from 25 to 62 years (Table 1).

98 SARS-CoV-2 specific memory T-cells in COVID-19 patients

99  Tostudy the generation of SARS-CoV-2-specific memory T-cells against structural nucleocapside
100  (N), spike (S) and membrane (M) proteins, the intracellular cytokine expression of the donor’s
101  PBMCs was analysed after 6 hours of stimulation with peptide pools (Fig. 1A shows the gating
102 strategy for the CD4+ subset). The studied cytokines were intracellular IL-2, IL-4, IL-17A, IFN-y,
103  and TNF-a, when PBMCs were non-treated (NT) or stimulated with Pep-S, Pep-M and Pep-N,
104  cytomegalovirus (Pep-CMV), or CytoStim as a positive control for cellular activation (Fig. S1). The
105  CMV stimulation results represented in all the figures were derived only from CMV-seropositive
106  individuals (n = 21) screened using the 1gG anti-CMV ELISA kit. The frequencies of IFN-y- and
107  TNF-a-producing CD4+ T-cells were significantly higher in stimulated conditions than in NT for
108 all the peptides, demonstrating the presence of SARS-CoV-2-specific cells in almost all the
109 individuals (Figs. 1B and 1C, respectively). However, Pep-N did not induce a significant increase
110 in the frequency of TNF-a-producing CD4+ T-cells (Fig. 1C). As the frequency of cytokine-

111 expressing cells was close to the NT condition in some individuals, we calculated the stimulation
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112 index (Sl), for each individual, by dividing the frequency of specific T-cell response against
113 peptides pools by the respective response in the NT control. An Sl above 2 was considered to
114 indicate a detectable response, while that below 2 corresponded to a lack of response from the
115 individual. We observed that most individuals presented a clear and robust signal after
116 stimulation with Pep-S, Pep-M, and Pep-CMV, but that for Pep-N was less intense (Figs. 1D and
117 1E). On the other hand, neither SARS-CoV-2-derived nor CMV-derived peptides induced IL-17A
118  and IL-4 responses in CD4+ or CD8+ T-cells, even though some individuals presented an IL-2-
119 producing CD4+ T-cell Sl greater than 2 when stimulated with Pep-M (Supplemental Fig. 2A). In
120  termsof an Sl above 2 for individuals responding to the peptides, 71.4% and 65.7% of individuals
121 responded to Pep-S, and 80% and 88.6% responded to Pep-M, while only 62.9% and 45.7%
122 showed a detectable response to Pep-N, according to CD4+ T-cells (considering IFN-y and TNF-
123 a, respectively; see Fig. 1F). Strikingly, fewer than 50% of individuals presented responses to any
124  peptide pools derived from SARS-CoV-2 in the CD8+ T-cells (Fig. 1G). We assume that this result
125 was not derived from experimental bias for CD8+ T-cells, as good responses were observed for

126  the CMV-derived peptide pool and CytoStim (Supplemental Fig. 2B).

127 In summary, Pep-M induced the strongest CD4+ T-cell memory responses, followed by Pep-S
128 and, finally, Pep-N. Moreover, SARS-CoV-2-derived peptides induced responses in almost all the

129 individuals tested, but mostly of the CD4+ memory T-cell type.

130  Detection of SARS-CoV-2-specific memory T-cells, according to the time of viral clearance and

131  time post-infection

132 Our study included individuals with histories of COVID-19, who were recruited 12 to 305 days
133  after testing positive for SARS-CoV-2 by PCR+ (P-PCR+; up to 10 months). Two of the individuals
134  analysed did not respond to any of the SARS-CoV-2-derived peptides. These two individuals were
135  asymptomatic at the moment of PCR detection, with low viral load showed by high cycle

136  thresholds (CTs) in real-time PCR.
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137 First, we correlated the time between the beginning of the infection (the first PCR+ after the
138  appearance of symptoms) and the end of the infection (the first PCRneg after COVID-19),
139 corresponding to the period needed for viral clearance, with the frequency of cells responding
140  to SARS-CoV-2-derived peptide pools. Patients recovered from the viral infections 6-30 days
141 after the detection of the virus. The longer the time of active infection, the higher the TNF-a-
142  specific response to Pep-M and Pep-N (p = 0.0030 and p = 0.0163, respectively; Fig. 2A). It has
143  already been noted that anti-SARS-CoV-2 immunoglobulins decrease in convalescent individuals
144 after several months (Bilich et al., 2021b); however, it is unknown whether the time of viral
145  clearance is also crucial for the generation of anti-SARS-CoV-2 antibodies. The longer the time
146  of active infection, the higher the levels of plasma IgG anti-S1 and IgG anti-RBD immunoglobulins

147 (p =0.00035 and p = 0.00064, respectively; Fig. 2B).

148  We then followed the evolution of anti-SARS-CoV-2 antibodies and specific T-cell responses over
149  time post-infection. Even if IgG anti-S1 and anti-RBD were still detectable in the plasma after 10
150 months post-infection, their levels diminished over time. Specifically, the decrease in IgG anti-
151 RBD was significant (p = 0.00614; Fig. 3A). On the other hand, the Sl values of the TNF-a-
152 producing CD4+ T-cells for Pep-S and Pep-N were negatively correlated over time (p = 0.0184
153  and p = 0.0194, respectively; Fig. 3B). We then divided the individuals into two groups: one
154  regrouping individuals 12-150 days P-PCR+ (recent infection, up to 5 months post-infection) and
155  one regrouping individuals 150-305 days P-PCR+ (late infection). In the recent infection group,
156 81.2%, 87.5%, and 68.7% of the individuals responded to Pep-S, Pep-M, and Pep-N, respectively,
157 in terms of the frequency of TNF-a-producing CD4+ T-cells. However, the individuals in the late
158 infection group presented 47.4%, 89.5%, and 26.3% rates of response to the same peptide pools.
159  Therefore, the frequency of individuals with TNF-a-CD4+ specific memory T-cells against S- or
160  N-derived peptides diminished as time passed after infection (Fig. 3C). However, it was
161  encouraging to observe that the frequency of individuals with TNF-a-CD4+ memory against the

162 M-protein remained identical, regardless of the time P-PCR+.
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163 Individual factors associated with viral clearance and severity of symptoms

164 In our study, most of the individuals did not have comorbidities, and almost all had mild
165  symptoms (Table 1). We analysed whether some other factors associated with infection
166  susceptibility, such as age and ABO group, were related to a better response to SARS-CoV-2. A
167 positive correlation was observed between age and the time needed to reach viral clearance
168 (Fig. 4A; p = 0.0280). In our study, 40% of the individuals belonged to group O (n = 14), 45.5% to
169  group A (n=16),8.5% to group B (n =3), and 6% to group AB (n = 2). These frequencies were in
170  agreement with those found in the general Spanish population. Due to the low number of
171 individuals having the B and AB blood groups, we focused our analysis on A-group versus O-
172  group. The A-group individuals needed a median of 23 days to reach viral clearance, while the

173  O-group individuals needed a median of 13 days (p = 0.0229; Fig. 4B).

174  Then, we analysed whether the level of anti-A or anti-B immunoglobulins found in the O-group
175 individuals could be related to the severity of COVID-19 symptoms. Of the four asymptomatic
176  patients recruited, three belonged to the O-group, and, even though the number of individuals
177  was low, we observed that the asymptomatic individuals showed significantly higher levels of
178 IgG anti-A (type lll) in the plasma than those with mild symptoms (Fig. 4C). Additionally, the
179 levels of IgG anti-B (type Ill and IV) were significantly higher in the O-group individuals with low
180  viral loads, on the day of sample processing (as detected by real-time PCR, high CT), than those

181 with higher viral loads (low CT; Fig. 4D).

182 It has previously been observed that the severity of symptoms and viral load are associated with
183 immune dysregulation. We observed that O-group individuals showed higher absolute numbers
184  (AbsN) of total lymphocytes (1862 + 174 cells/pl, mean + SEM) than those in the A-group (1440
185 93 cells/ul, mean + SEM; p = 0.0196; Fig. 4E). This can be explained by the lymphopenia already
186  observed in COVID-19 individuals, even those with mild symptoms. Additionally, the individuals

187  from the O-group seemed to recover the AbsN of total lymphocytes after more than 150 days
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188 P-PCR+ (1783 + 143 cells/ul in recent infection group versus 2132 + 290 cells/pl in late infection
189 group, mean + SEM; p = 0.0312). Individuals from the A-group presented even lower AbsN of
190 lymphocytes after more than 150 days P-PCR+ (1607 + 145 cells/ul in recent infection group
191 versus 1487 + 142 cells/ul in late infection group, mean + SEM; Fig. 4F). Therefore, ABO grouping
192 might influence the course of infection. Indeed, negative correlations were observed between
193  the levels of anti-B immunoglobulins and the level of IFN-y- and TNF-a-producing CD4+ T-cell
194  responses, when activated with Pep-S or Pep-M, in the O group (Sl or frequencies of specific
195  CD4+ T-cells; Fig. 4G), indicating that, the lower the anti-B immunoglobulins in O-group

196  individuals, the higher the generation of specificimmune responses.

197  ABO group and anti-SARS-CoV-2-specific immune response

198 As a low AbsN of lymphocytes can cause dysregulation in the immune response, we studied
199 whether the blood group could influence the generation of anti-SARS-CoV-2 memory in the long
200 term post-infection. When cells were stimulated with Pep-M, the frequencies of IFN-y- and TNF-
201  a-producing CD4+ T-cells were significantly higher in group A than in group O (p = 0.0085 and p
202  =0.0245, respectively; Supplementary Fig. 3). In addition, when cells were stimulated with Pep-
203 S or Pep-M, the Sl of TNF-a-producing CD4+ T-cells significantly decreased as time passed (p =
204  0.0287 and p = 0.0415, respectively) in the A-group individuals, but not in the O-group (Fig. 5A).
205 Moreover, the S| of TNF-a-producing CD4+ T-cells was also lower in the O-group than in the A-
206  group (recent infection groups) when cells were stimulated with Pep-M (p = 0.0426; Fig. 5B).
207  The frequencies of TNF-a-producing CD4+ T-cells were also lower in the later infection A-group
208  than in the recent infection A-group individuals (p = 0.0075; Fig. 5B). Similar results were
209 observed when correlating the days P-PCR+ and level of anti-RBD in the plasma in the A-group
210 individuals (p < 0.0001; Fig. 5C). The cellular and humoral specific responses decreased as time
211 passed from infection in the A group but not in the O group, showing that a strong but labile

212 anti-SARS-CoV-2 immune response could occur in the A group.
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213 Finally, we checked whether there were correlations between the cellular and humoral specific
214 responses. Positive correlations between the levels of anti-SARS-CoV-2 immunoglobulins and
215 specific cellular responses were observed in A-group individuals but not in O-group individuals,

216 likely indicating a co-ordinated cellular and humoral immune response in the A group (Fig. 5D).

217 In summary, the ABO blood group is an essential factor that can influence the time of viral
218 clearance and the intensity of the TNF-a-associated response over time P-PCR+, with the A group
219 showing the highest TNF-a-associated response, as well as a significant decrease in response

220  intensity 10 months post-infection.

221

10
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222 Discussion

223 In this study, we aimed to evaluate the induction and duration of T-cell specific memory and
224  humoral immunity in individuals who had recovered from SARS-CoV-2 infections with
225 asymptomatic/mild symptoms individuals who represent the great majority of infected subjects.
226  We also studied some susceptibility factors that may be associated with the development of
227 sustained immunity. At 10 months post-infection, almost all the enrolled individuals were still
228 positive for SARS-CoV-2-specific IFN-y- and TNF-a-producing CD4+ T-cells against the M viral
229 protein and for anti-S1 or anti-RBD immunoglobulins. However, we also observed a decreased
230  frequency of individuals with SARS-CoV-2-specific responses against the S or N viral proteins
231  with the time passed since the infection, as had already been observed in other studies (Breton
232  etal., 2021; Dan et al., 2021). In addition to a decreased immunity developed against the SARS-
233  CoV-2 S-protein, we observed that the CD8+ T-cell memory response seemed to be deficient.
234  Whether a robust CD8+ T response might be generated is a worthwhile question, as the CD8+
235 cytotoxic T-cell response is generally profoundly implicated in viral clearance. It has been shown
236  that COVID-19 subjects present elevated Th2-cytokines (IL-4 or IL-10), which could inhibit the
237  Thl response (Gutiérrez-Bautista et al., 2020). It has already been described that Thl
238 participates in the activation, proliferation, and differentiation of the cytotoxic memory CD8+ T-
239  cells (Sercan et al., 2010). Low CD8+ T-cell activation due to an inadequate Th1 response and
240  high Th2 response could explain the low CD8+ T-cell response frequency. Therefore, it would be
241 interesting to design vaccines against non-spike proteins along with the S-protein, which could

242 promote the generation of stronger CD4+ and CD8+ T-cell memory.

243 Looking for factors that could influence the frequency of response against SARS-CoV-2-derived
244 peptides, we observed that the age of the subjects was important for rapid viral clearance. Older
245 individuals are more susceptible to developing severe COVID-19 symptoms, due to several

246 factors such as a decline in organ function, basal inflammation, or the presence of comorbidities

11
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247 (Mayoral et al., 2020; Zhou et al., 2020). Nevertheless, we report that age is also associated with

248  viral clearance for the first time in this paper, to the best of our knowledge.

249  ABO blood groups have been implicated in the susceptibility to and severity of SARS-CoV-2
250 infections (Anastassopoulou et al., 2020; Padhi et al., 2020). In particular, the A group has been
251  associated with an increased risk of acquiring COVID-19, compared to non-A groups (Wu et al.,
252 2020; Zhao et al., 2020). In this study, we showed that blood groups influence the generation of
253 memory T-cell responses for the first time. We showed that A-group subjects needed more time
254  to clear the virus than the O group, and that they presented higher frequencies of IFN-y and
255  TNF-a CD4+ T-cell responses against Pep-M than O-group individuals. Moreover, there were
256  positive correlations between the humoral and cellular specific responses only in A-group
257 individuals but not in O-group individuals. These results might indicate that the A group can
258  develop a more robust response against Pep-M; we hypothesize that this could be due to the A-
259  group individuals needing more time to clear the virus. Thus, the longer the time of viral
260  exposure, the stronger the response, even in mild COVID-19 cases. In severe COVID-19 cases,
261 patients achieve a higher adaptive immune response, where a more elevated and/or extended
262  viral load could be related to the higher immune response (Demaret et al., 2020). On the other
263 hand, A-group individuals showed significantly fewer TNF-a-related T-cell memory responses
264  and lower plasma levels of anti-Spike immunoglobulins after a long time P-PCR+ than the O-
265  group subjects. Thus, even though the memory T-cell response was initially higher in the A
266  group, the TNF-a response was lost over time, as indicated by the plasma humoral anti-SARS-
267  CoV-2 immunoglobulins, showing a deterioration of the sustainability of the specific immune

268 response.

269 One characteristic of COVID-19 is lymphopenia, even in individuals with mild symptoms, with
270 more profound lymphopenia in patients with severe symptoms (Zhou et al., 2020). We observed

271  that the A group presented significantly lower absolute numbers of total lymphocytes than the

12
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272 O group. These results might indicate that the immune systems in the A-group subjects were
273 more affected by the infection than the O group’s immune systems. According to the literature,
274  the O group seems to be associated with a lower risk of acquiring COVID-19 than non-O groups
275 (Zhao et al., 2020). The principal factor relating the ABO group to COVID-19 susceptibility may
276 be the presence of anti-A, anti-B, or anti-glycan antibodies such as anti-Gal or anti-N-Glycolyl
277 neuraminic acid (Galili, 2020). The presence of such antibodies especially in O-group individuals
278  could inhibit the SARS-CoV-2 S protein’s adhesion to ACE2-expressing cell lines, as has already
279 been observed for SARS-CoV (Guillon et al., 2008). Therefore, our hypothesis is that such virus
280  blocking may lower the infectious viral load in O-group subjects; then, one can assume that the
281 lower viral load associated with the potential protective effect of anti-blood-group antibodies in
282 an O-group subject accelerates the clearance of the virus and reduces its impact on the immune
283 system. However, the implications of other factors, such as yet-unknown factors related or
284 unrelated to ABO blood groups that could potentially affect the susceptibility to SARS-CoV-2

285 infection, cannot be discarded.

286  Taken together, these results confirmed the existence of SARS-CoV-2-specific CD4+ T-cell and
287 humoral responses in the majority of the individuals who had recovered from COVID-19 at 10
288 months post-infection. However, the response generated by the virus was identified as a
289 predominantly CD4+ T-cell over CD8+ T-cell response, with more robust responses against M- or
290  S-peptide pools over Pep-N. A more in-depth analysis demonstrated that the intensity of the
291 humoral and memory T-cell response is related to the ABO blood group and age. Therefore,
292  determining the individual characteristics that may influence the immune response to SARS-

293  CoV-2 must be considered for the future design of vaccines with long-term efficacy.

13
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294 Materials and Methods

295 Patients and blood samples

296 Blood samples and questionnaire data regarding donor characteristics during COVID-19
297 infection from SARS-CoV-2 convalescent donors were collected at the General University
298 Hospital Gregorio Marafion, Spain, from 6/2020 to 12/2020. Informed consent was obtained
299 under the Declaration of Helsinki protocol. The study was approved by the local ethics
300 committee and performed according to their guidelines (COV1-20-007). SARS-CoV-2 infection
301 was confirmed by a PCR test after a nasopharyngeal swab. SARS-CoV-2 donors were recruited
302 among health workers of the General University Hospital Gregorio Maraiidén in Madrid who had
303 been infected by SARS-CoV-2 between March and December 2020. Samples were collected at a
304  single time point, between 12 days post-positive PCR (P-PCR+) and 305 days P-PCR+ (Table 1).
305 Whole blood was labelled for surface markers. PBMCs were isolated by density gradient
306  centrifugation. The serum was separated by centrifugation, and the supernatant was stored at
307  -80 °C. The classification of symptoms was based on responses to a questionnaire by individual
308 donors. The score (Asymptomatic/Mild/Moderate) was based on the criteria of the WHO
309 Working Group on the Clinical Characterization and Management of COVID-19 infection
310 (infection, 2020). The characteristics of the SARS-CoV-2-recovered donors are detailed in Table

311 1.

312  Stimulation with SARS-CoV-2 peptide pools

313  SARS-CoV-2 PepTivator peptide pools (Miltenyi Biotec, Bergisch Gladbach, Germany), mainly
314  consisting of 15-mer sequences with 11 amino acids (aa), were used. The peptide pool for the
315 Spike-protein (Pep-S) contained the sequence domains aa 304-338, 421-475, 492-519, 683—
316 707,741-770, 785-802, and 885—1273. The peptide pools for the membrane glycoprotein (Pep-
317 M) or the nucleocapside phosphoprotein (Pep-N) mainly consisted of 15-mer sequences with 11

318  aa overlap, covering the complete sequence of the M or N protein. Two positive controls for
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319 activation were used: PepTivator against cytomegalovirus (Pep-CMV, Miltenyi Biotec), which
320 consisted of 15-mer peptides with 11 amino acids, covering the complete sequence of the pp65
321 protein of human cytomegalovirus, and CytoStim (Miltenyi Biotec), an antibody-based
322 component that acts similarly to a superantigen of the T-cell receptor. Negative controls were
323 left non-treated (NT). PBMCs were prepared from EDTA collection tubes (Vacutainer® K2E, BD)
324 by gradient centrifugation. A total of 1.5 x 10® PBMCs were stimulated with 1 pg/mL of peptide
325 pools for 6 h in TexMACS™ GMP Medium (Miltenyi Biotec), supplemented with 5% AB human
326 serum (Sigma-Aldrich, St. Gallen, Switzerland). Brefeldin A (10 ug/ml, Sigma-Aldrich) was added

327  atthe beginning of the stimulation.

328  Staining for intracellular cytokines and cell surface markers

329 Whole blood was labelled for surface markers with the antibodies listed in Supplemental Table
330 1. After surface labelling, red blood cells were lysed using RBC Lysis/Fixation Solution
331 (BioLegend, San Diego, CA, U.S.). Surface markers were analysed by flow cytometry, using a
332 MACSQuant Analyzer 16 cytometer (Miltenyi Biotec). Peptide-specific T-cells were characterized
333  after 6 h of stimulation by cell surface and intracellular cytokine staining. Briefly, cells were
334 surface-stained, stained with viability dye, fixed/permeabilized, and intracellularly stained
335 (antibodies listed in Supplemental Table 1). The cells were then analysed by flow cytometry,
336  using a Gallios cytometer (Beckman Coulter, Nyon, Switzerland). All the cytometry data were
337  analysed using the Kaluza software (Beckman Coulter). The gating strategy applied for the

338  analyses of flow cytometry-acquired data is provided in Fig. 1 and Supplemental Fig. 1.

339 CMV IgG Detection

340 The 96-well CMV IgG ELISA (Abcam, Cambridge, MA, US) was performed according to the
341 manufacturer’s instructions. This ELISA detects human anti-cytomegalovirus 1gG. The final

342 interpretation of positivity was determined by a ratio above a threshold value given by the
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343 manufacturer: positive (ratio > 11), negative (ratio < 9), or non-defined (ratio 9-11). Quality

344 control was performed, following the manufacturer's instructions, on the day of testing.

345 Detection of blood group antigens

346 To detect the presence or absence of A, B, and/or RhD antigens on red blood cells, DiaClon Anti-
347 A, DiaClon Anti-B, DiaClon Anti-AB, and DiaClon Anti-D (Bio-Rad, Basel, Switzerland) were used,
348 with whole blood diluted in isotonic saline solution (Braun, Hessen, Germany), according to the
349 manufacturer's instructions. The mix was centrifuged and then resuspended, in order to observe

350 macroscopic agglutination.

351  Testing for ABO and SARS-CoV-2 antibodies using Luminex single-antigen beads

352  ABO-A and ABO-B subtype glycans I-VI were conjugated to bovine serum albumin (BSA), as
353 previously described (Jeyakanthan et al., 2016), and an optimized protein-coupling procedure
354  was used to link each subtype antigen to individual Luminex beads (Angeloni et al., 2018). BSA-
355  only-coupled beads were used to determine the background reactivity, while Gala1-3GalB1-
356  (3)4GIcNAc-R (a-Gal) BSA-coupled beads were used as a positive control (Halpin et al., 2018).
357  Coupling was confirmed using different monoclonal antibodies, including those specific to A
358 subtypes I-VI (clone A98, Novaclone, Immucor, Dartmouth, NS, Canada), B subtypes I-VI (clones
359 B84 and B97, Novaclone), A/B subtype Il (JTL-4) (Jeyakanthan et al., 2015), and A/B subtypes
360 /1V (JTL-2) (Jeyakanthan et al., 2015). Bound IgM monoclonal antibody was detected with PE-
361 labelled goat anti-mouse IgM secondary antibody (Southern Biotech, Birmingham, AL, US)

362 (Halpin et al., 2018).

363  SARS-CoV-2 S1 (Abcam) and RBD (Sino Biological, Wayne, PA, US) proteins were conjugated to
364 Luminex beads using standard coupling procedures (Angeloni et al., 2018). Coupling was
365 confirmed using a rabbit 1gG anti-SARS-CoV-2 Spike monoclonal antibody (Sino Biological) and

366 PE-conjugated goat anti-rabbit IgG secondary antibody (Southern Biotech).
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367  To detect serum ABO and SARS-CoV-2 antibodies, sera (25-fold dilution) were incubated with
368 Luminex beads for 30 minutes at room temperature, washed, and then incubated with a 50-fold
369 dilution of PE-conjugated goat anti-human IgM or IgG (both from Thermo Fisher, Waltham, MA,
370 US) for 30 minutes at room temperature. Samples were acquired using a FLEXMAP 3D® Luminex

371  system (Toronto, Canada).

372 Statistical analysis

373 Data are displayed as means with standard error. The statistical tests used to evaluate the
374 experiments are described within the respective figure legends. Continuous data were tested
375  for normality of distribution, and individual groups were tested by use of the Mann—Whitney U
376  test. Spearman's rho (r) was calculated to assess the correlation between continuous data.
377 Graphs were plotted using the GraphPad Prism 7.00 software. Statistical analyses were

378 conducted using GraphPad Prism 7.00 and the SPSS (IBM, version 25, Armonk, NY, US) software.

379
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559 Figure legends

560 Figure 1: Gating strategy and specific memory T-cell responses to SARS-CoV-2-derived
561  peptide pools in 35 convalescent patients

562 (A) Gating strategies to define SARS-CoV-2-specific CD4+ T-cells. Representative examples of
563  flow cytometry plots of SARS-CoV-2-specific CD4+ T-cells after 6 h stimulation with Spike (Pep-
564 S). PBMCs were isolated and stimulated by SARS-CoV-2-derived peptide pools (Pep-S, Pep-M,
565 and Pep-N), with CMV-derived peptides (Pep-CMV), or with CytoStim. IL-17A, TNF-q, IL-4, IL-2,
566  and IFN-y expression was detected intracellularly, by flow cytometry. (B) Frequencies of IFN-y-
567 producing CD4+ T-cells. (C) Frequencies of TNF-a-producing CD4+ T-cells. (D) Stimulation index
568 (SI) of IFN-y-producing CD4+ T-cells. (E) SI of TNF-a-producing CD4+ T-cells. The Sl for each

569  subject was calculated by dividing the frequency of cytokine-producing CD4+ T-cells for the
570 stimulated condition (Peptides or CytoStim) by the frequency of cytokine-producing CD4+ T-
571  cellsin the non-treated condition (NT). Each symbol corresponds to an individual. The grey
572 area represents an Sl lower than 2, which is considered to indicate a negative response to the
573 stimulation, in comparison to NT. One-way ANOVA with multiple-comparison Kruskal-Wallis
574  tests were used. *p < 0.05. (F) Stacked bars comparing the frequency of individuals with a

575  specific T-cell response when cells were stimulated by Pep-S, Pep-M, or Pep-N. Individuals with
576  Sls greater than 2 were considered responding individuals, and those with Sls lower than 2, as
577 non-responding individuals. The response was observed as the intracellular IFN-y or TNF-a

578 production in CD4+ cells. (G) Stacked bars comparing the frequencies of individuals responding
579  and not responding to the SARS-CoV-2-derived peptides in CD8+ T-cells.

580
581 Figure 2: Frequencies of TNF-a-producing cells and time necessary for viral clearance.

582  Correlation between frequencies of (A) TNF-a-producing CD4+ T-cells when non-stimulated
583 (NT) or stimulated with Pep-S, Pep-M, or Pep-N, and the time between PCR+ and PCRneg.

584  PCR+ corresponds to the detection of the SARS-CoV-2 infection, while PCRneg corresponds to
585 the first PCR negative after the infection. Therefore, both dates allow the time for viral

586 clearance to be determined. (B) Correlation between plasma levels of IgG anti-S1 and anti-RBD
587 (anti-SARS-CoV-2 immunoglobulins) and the time between PCR+ and PCRneg. Coloured dotted
588 lines estimated threshold of positivity for anti-SARS-CoV-2 immunoglobulin detection.

589  Correlations were assessed using Spearman's rank correlation; *p < 0.05 was considered

590 significant. Each symbol corresponds to an individual.

591 Figure 3: Specific CD4+ T-cell response to SARS-CoV-2 peptides at 10 months post-infection

592  (A) Correlation between the plasma levels of anti-S1 and anti-RBD (anti-SARS-CoV-2

593 immunoglobulins) and the time between the detection of COVID-19 infection (PCR+) and the
594  time of sample processing (days post-PCR+; P-PCR+). Coloured dotted lines represent the
595  threshold of detection. (B) Correlation between the S| of TNF-a-producing CD4+ T-cells after
596  stimulation and days P-PCR+. Symbols in the grey zones represent samples with Sls less than 2,
597 indicating non-responding individuals. Correlations were assessed using Spearman's rank
598 correlation; * p < 0.05 was considered significant. Each symbol corresponds to an individual.
599 (C) Stacked bars represent the frequencies of individuals with TNF-a-specific T-cell responses
600  corresponding to Sls = 2 (responding) or < 2 (non-responding) when cells were stimulated by
601 Pep-S (orange), Pep-M (green), or Pep-N (blue) in individuals tested 12—150 days P-PCR+ or
602 150-305 days P-PCR+.
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603 Figure 4: Age and blood groups as factors for viral clearance and absolute numbers of
604  lymphocytes

605 (A) Correlation between the ages of the individuals and numbers of days P-PCR+. Correlations
606  were assessed using Spearman's rank correlation. Each symbol corresponds to an individual.
607 (B) Numbers of days between PCR+ and PCRneg in A-group and O-group individuals. Mann—
608  Whitney U test. (C) Plasma levels of anti-A type Il immunoglobulins in mild and asymptomatic
609  COVID-19 individuals. Mann—Whitney U test. (D) Plasma levels of anti-B type lll and IV

610 immunoglobulins in individuals presenting high and low CT in the real-time PCR the day of

611  sample processing in mild and asymptomatic COVID-19 individuals. Mann—Whitney U tests. (E)
612  Absolute numbers of lymphocytes, CD4+ T-cells, and CD8+ T-cells in A- and O-group

613 individuals. Mann—Whitney U tests. (F) Absolute numbers of lymphocytes in A- and O-group
614  individuals tested 12—150 days P-PCR+ or 150-305 days P-PCR+. Mann—Whitney U tests. (G)
615 Heat map of Spearman correlation coefficients for indicated features in O-group individuals. *p
616 < 0.05 was considered significant.

617 Figure 5: Blood groups as factor for specific CD4+ T-cell response

618 (A) Correlation between Sl of TNF-a-producing CD4+ T-cells when stimulated with Pep-S and
619 Pep-M in O-/A-groups and days P-PCR+. Correlations were assessed using Spearman's rank
620  correlation. (B) Frequencies of TNF-a-producing CD4+ T-cells, when stimulated with Pep-M in
621 O-/A-group individuals, tested 12—150 days P-PCR+ or 150-305 days P-PCR+. Mann—Whitney U
622  tests. (C) Correlation between level of anti-RBD immunoglobulins and days P-PCR+.

623 Correlations were assessed using Spearman's rank correlation. Each symbol corresponds to an
624  individual. (D) Heat map of Spearman correlation coefficients of indicated features in A-group
625 (left panel) and O-group (right panel) individuals. *p < 0.05; **p < 0.01.

626  Table 1: Demographic and clinical characteristics of the COVID-19 convalescent patients

627 * From World Health Organization (WHO) Working Group on the Clinical Characterisation and
628 Management of COVID-19 infection. (infection, 2020)

629  tDate of SARS-CoV-2 negative PCR result was not available for nine patients.
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Table 1

Characteristics

Patients (n=35)

Age (years), median (range)
Gender, n (%)
Male
Female
Blood Type, n (%)
A (Rh+/Rh-)
B (Rh+/Rh-)
AB (Rh+/Rh-)
O (Rh+/Rh-)
Comorbidities, n (%)
Current smoker/ex-smoker
Asthma
Heart disease
Obesity
Hypertension
Epilepsy
Psoriasis
Sleep apnea
Fibromyalgia
Diabetes
Liver disease
Kidney disease
WHO clinical progression scale, n (%)*
Mild, asymptomatic (1)
Mild, symptomatic independent (2)
Moderate, no oxygen therapy (4)
Moderate, oxygen by mask or nasal prongs (5)
Symptoms during COVID-19, n (%)
Fatigue
Myalgia
Anosmia
Fever (>38)
Headache
Ageusia
Cough
Diarrhea
Dyspnea
Arthralgia
Nausea or vomiting
Fever (<38)
Pneumonia
Dizziness
Tachycardia
Sorethroat
Conjunctivitis
Congestion
Skin rash
Treatment, n (%)
Antibiotics
Hydroxychloroquine
Nonsteroidal anti-inflammatory drug
Anticoagulants
Steroids
Antiretroviral therapy
Days from PCR+ to PCRneg, median (range)t
Days from PCR+ to data analysis, median (range)

40 (25-62)

11 (31.4)
24 (68.6)

15 (42.9)/1 (2.9)
2 (5.7)/1 (2.9)
2 (5.7)/0 (0.0)

10 (28.6)/4 (11.4)

3(8.6)/4 (11.4)
3(8.6)
2(5.7)
1(2.9)
1(2.9)
1(2.9)
1(2.9)
1(2.9)
1(2.9)
0 (0.0)
0 (0.0)
0 (0.0)

4(11.4)
29 (82.9)
1(2.9)
1(2.9)

19 (54.3)
19 (54.3)
16 (45.7)
14 (40.0)
14 (40.0)
13 (37.1)
13 (37.1)
10 (28.6)
9 (25.7)
5(14.3)
5(14.3)
3(8.6)
3(8.6)
3(8.6)
3(8.6)
2(5.7)
1(2.9)
1(2.9)
1(2.9)

8(22.9)
6(17.1)
6(17.1)
4(11.4)
2(5.7)
1(2.9)
17 (6-30)
154 (12-305)
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Fig.2
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