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SUPPLEMENTARY MATERIAL 

1 - Supplementary methods 

1.1- Collection and management of Serum and PBMC samples

density gradient 

centrifugation and subsequently frozen in liquid nitrogen until their use in functional 

analyses. Serum was isolated by centrifugation and samples were stored at -20ºC. 

1.2 - Assessment of SARS-CoV-2-specific antibodies 

Briefly, 10μL of serum were automatically diluted at 1:19 and incubated in the appropriate 

buffer with magnetic microbeads covered with anti-human IgM or recombinant 2019 

nCov antigens, respectively, in order to form immune complexes. After precipitation in a 

magnetic field and washing, ABEI-stained recombinant 2019 nCov antigen or anti-

human IgG were added to the samples, respectively. After a second magnetic separation 

and washing steps, the appropriate reagents were added to initiate a chemiluminescence 

reaction. At baseline (T1), 26 SOT and all 16 IC were assessed. At the second time point 

(T2), 22 SOT and 12 IC could be evaluated and at the last time point (T3), 22 SOT and 

15 IC were assessed.

1.3- Assessment of polyfunctional SARS-CoV-2-specific T-cell responses

At baseline (T1), 26 SOT and all 16 IC were assessed. At the second time point (T2), 22 

SOT and 12 IC were evaluated and at the last time point (T3), 22 SOT and 15 IC were 

assessed. 16 HC were evaluated for all the different stimuli. 

Briefly, 2x105 PBMCs (in 100 μl) were stimulated with the peptides for 24 hours for IFN-

-2, IFN- -2, IL-6 and 48 hours for IL-5 and IL-21. After washing steps, the different 

cytokine fluorospots were detected using primary and secondary antibodies against each 
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cytokine plus the addition of enhancer. The spots obtained were automatically counted 

with the Fluorspot Reader version 8 (AID® Gmbh, Strassberg, Germany). The results 

were considered after subtracting to each well the responses obtained in the respective 

negative control wells. Supplemental figure 1 shows representative FluoroSpot wells 

for each cytokine-producing T cell against antigen S.

SARS-CoV-2 antigens

The Spike Glycoprotein (S) peptide (P0DTC2 protein, S gene) contained 158 + 157 

peptides of >70% purity, the Membrane Protein (M) peptide (P0DTC5 protein, VME-1

gene) contained 16 peptides of >70% purity, the Nucleoprotein (N) peptide (P0DTC9

protein, NCAP gene) contained 102 peptides of >70% purity and the Envelope small 

membrane Protein (E) peptide (P0DTC4 protein, VEMP gene) contained 16 peptides of 

>70% purity. S, M, N and E peptides were reconstituted in DMSO and PBS and used at 

a final concentration of 2μg/mL. All SARS-CoV-2 peptides were designed by and 

purchased from JPT Innovative Peptide Solutions (JPT®, Berlin, Germany). Influenza-

virus peptide pool was designed by and purchased from AID (AID® Gmbh, Strassberg,

Germany). 
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2 - Supplementary Figures and Tables 

Supplemental Figure 1. Representative images of polyfunctional T-cell responses to 

Spike SARS-CoV-2 structural protein. 
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Supplemental Figure 2. Means for total lymphocyte counts between groups at the 

3 different time points. Total lymphocyte counts in SOT and IC were 866 ± 427 and 

1531 ± 490, 1594 ± 653 and 1975 ± 670, 1583 ± 760 and 2106 ± 729, at T1 (p<0.001), 

T2 (p=0.076) and T3 (p=0.066), respectively. Total lymphocyte counts in HC were 1564 

± 427 and were significantly higher than SOT (**p<0.001) but not for IC (p=1) at T1.  
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Supplemental Figure 3. Heatmaps generated by hierarchical clustering of SARS-

CoV-2-specific immune responses for SOT, IC patients and HC, according to the 

COVID-19 disease severity (0 = no oxygen need; 1 = oxygen need; 2 = acute 

respiratory distress syndrome, 3 = death). Immune responses used for clustering were 

differentially expressed (fold change >2, false discovery rate P<0.05). Grey fields

indicate missing values. 

Figure 3A. Heatmap performed at first time point during acute COVID-19 infection (7; 4-

11 days after the diagnosis) among 26 SOT, 16 IC and 16 HC.   

Figure 3B. Heatmap performed during the early convalescent period (40; 37-44 days 

after the diagnosis) of COVID-19 disease in 22 SOT, 15 IC and 16 HC.  
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Supplemental Figure 4. Hierarchy of the polyfunctional T-cell responses for main structural SAR

patients.

Supplemental figure 4A. T1=16; 12-19 days. 
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Supplemental figure 4B. T2=32; 25-37 days.  
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Supplemental figure 4C. T3=49; 43-53 days after symptoms onset. 
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Supplemental Figure 5. Qualitative analysis of global T-cell reactivity to SARS-CoV-2 at different 

T-cell reactivity defined in Material and Methods. *p<0.05 (Chi-Square Test). 

Supplemental figure 5A. T1=16; 12-19 days 
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Supplemental figure 5B. T2=32; 25-37 days.  
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Supplemental figure 5C. T3=49; 43-53 days after symptoms onset.
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Supplemental Table 1. Correlations between SARS-CoV-2-specific T-cell responses and lymphocyte count

Supplemental Table 2. Correlations between SARS-CoV-2-specific T-cell responses at first time point of the
IFN- -producing T-cell frequencies IL-2-producing T-cell frequencies I

S M N E S M N E 

S 
R= 0.839 
p <0.001 

R= 0.584 
p <0.001 

R= 0.435 
p=0.007 

R=0.866 
p <0.001 

R= 0.882 
p <0.001 

R= 0.350 
p= 0.034 

M 
R= 0.583 
p <0.001 

R= 0.349 
p= 0.034 

R= 0.857 
p <0.001 

R= 0.394 
p= 0.016 

N 
R= 0.448 
p= 0.005 

R= 0.316 
p= 0.056 

IL-6-producing T-cell frequencies IL-21-producing T-cell frequencies 
S M N E S M N E 

S 
R= 0.891 
p <0.001 

R= 0.858 
p <0.001 

R= 0.828 
p <0.001 

R= 0.453 
p= 0.010 

R= 0.490 
p= 0.005 

R= -0.001 
p= 0.994 

M 
R= 0.885 
p <0.001 

R= 0.790 
p <0.001 

R= 0.563 
p= 0.001 

R= 0.060 
p= 0.747 

N 
R= 0.861 
p <0.001 

R= -0.178 
p= 0.339 

IFN- -producing T-cell frequencies IL-2-producing T-cell frequencies 
S M N E S M N E 

Lymphocyte 
counts 

R= 0.088 
p= 0.363 

R= 0.140 
p= 0.148 

R= 0.054 
p= 0.585 

R= 0.044 
p= 0.660 

R= 0.086 
p= 0.375 

R= 0.184 
p= 0.056 

R= 0.061 
p= 0.539 

R= 0.035 
p= 0.721 

R=
p=

IL-6-producing T-cell frequencies IL-21-producing T-cell frequencies 
S M N E S M N E 

Lymphocyte 
counts 

R= 0.240 
p= 0.012 

R= 0.251 
p= 0.008 

R= 0.052 
p= 0.603 

R= 0.095 
p= 0.335 

R= 0.044 
p= 0.671 

R= 0.081 
p= 0.438 

R= 0.095 
p= 0.365 

R= 0.000 
p= 0.997 

R=
p=
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Supplemental Table 3. Statistical differences between patients of each group for all T-

cell immune responses at T1. 

T1
SOT 

median 
(IR) 

IC
median 

(IR) 

HC
median 

(IR) 

SOT vs 
IC  

(p value) 

SOT vs 
HC

(p value) 

IC vs 
HC
(p 

value) 

INF-  Spike 26 (11-76)
88 (23-

207)
3 (1-6) 0.286 0.005 0.000 

INF-  Membrane 7 (0-34)
113 (15-

45)
0 (0-2) 0.011 0.024 0.000 

INF-  Nucleocapsid 23 (3-74) 26 (8-61) 1 (0-3) 1 0.001 
0.000 

INF-  Envelope 0 (0-1) 0 (0-1) 1 (0-2) 0.473 0.473 0.473 

IL-2 Spike 10 (1-56) 31 (5-92) 1 (0-4) 0.958 0.015 0.002 

IL-2 Membrane 2 (0-9) 45 (5-74) 1 (0-4) 0.009 0.853 0.001 

IL-2 Nucleocapsid 5 (0-24) 15 (4-31) 0 (0-3) 0.367 0.032 0.000 

IL-2 Envelope 0 (0-1) 0 (0-1) 1 (0-4) 0.260 0.260 0.260 

INF- -IL-2 Spike 2 (0-9) 8 (2-21) 1 (0-1) 0.388 0.135 0.005 

INF- -IL-2
Membrane 

0 (0-2) 13 (1-24) 0 (0-1) 0.020 0.791 0.002 

INF- -IL-2
Nucleocapsid 

2 (0-6) 4 (1-8) 0 (0-1) 0.832 0.072 0.005 

INF- -IL-2 Envelope 0 (0-1) 0 (0-0) 0 (0-1) 0.471 0.471 0.471 

IL-21 Spike 0 (0-5) 1 (0-2) 1 (0-8) 0.481 0.481 0.481 

IL-21 Membrane 0 (0-3) 0 (0-6) 2 (0-8) 0.358 0.358 0.358 

IL-21 Nucleocapsid 0 (0-2) 0 (0-2) 1 (0-7) 0.378 0.378 0.378 

IL-21 Envelope 0 (0-1) 0 (0-1) 1 (0-2) 0.059 0.059 0.059 

IL-5 Spike 0 (0-0) 0 (0-1) 0 (0-0) 0.205 0.205 0.205 

IL-5 Membrane 0 (0-0) 0 (0-3) 0 (0-0) 0.176 1 0.022 

IL-5 Nucleocapsid 0 (0-0) 0 (0-1) 0 (0-0) 0.120 0.120 0.120 

IL-5 Envelope 0 (0-0) 0 (0-0) 0 (0-0) 0.121 0.121 0.121 

IL-6 Spike 1 (0-84)
135 (0-

319)
9 (0-59) 0.112 0.112 0.112 

IL-6 Membrane 0 (0-0) 28 (0-239) 5 (0-83) 0.085 0.085 0.085 

IL-6 Nucleocapsid 0 (0-41) 58 (0-228) 1 (0-68) 0.332 0.332 0.332 

IL-6 Envelope 0 (0-37) 3 (0-86) 8 (0-55) 0.305 0.305 0.305 
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Supplemental Table 4. Correlations between SARS-CoV-2-specific T-cell responses at first time point of the

IFN- -producing T-cell frequencies IL-2-producing T-cell frequencies IFN- /IL
S M N E S M N E S 

S 
R= 0.581 
p <0.001 

R= 0.716 
p <0.001 

R= 0.556 
p=0.001 

R= 0.591 
p <0.001 

R= 0.799 
p <0.001 

R= 0.442 
p= 0.009 

M 
R= 0.495 
p= 0.003 

R= 0.162 
p= 0.359 

R= 0.777 
p <0.001 

R= 0.291 
p= 0.094 

N 
R= 0.440 
p= 0.009 

R= 0.471 
p= 0.005 

IL-6-producing T-cell frequencies IL-21-producing T-cell frequencies IL-5
S M N E S M N E S 

S 
R= 0.612 
p <0.001 

R= 0.645 
p <0.001 

R= 0.294 
p= 0.091 

R= 0.705 
p <0.001 

R= 0.893 
p <0.001 

R= 0.655 
p <0.001 

M 
R= 0.805 
p <0.001 

R= 0.480 
p= 0.004 

R= 0.788 
p <0.001 

R= 0.720 
p <0.001 

N 
R= 0.546 
p= 0.001 

R=0.707 
p <0.001 
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Supplemental Table 5. Correlations between SARS-CoV-2-specific T-cell responses at first time point of the

IFN- -producing T-cell frequencies IL-2-producing T-cell frequencies IFN- /IL
S M N E S M N E S 

S 
R= 0.597 
p <0.001 

R= 0.782 
p <0.001 

R= 0.177 
p=0.294 

R= 0.690 
p <0.001 

R= 0.876 
p <0.001 

R= 0.399 
p= 0.014 

M 
R= 0.561 
p <0.001 

R= 0.210 
p= 0.211 

R= 0.752 
p <0.001 

R= 0.388 
p= 0.017 

N 
R= 0.220 
p= 0.190 

R= 0.506 
P= 0.001 

IL-6-producing T-cell frequencies IL-21-producing T-cell frequencies IL-5-
S M N E S M N E S 

S 
R= 0.808 
p <0.001 

R= 0.580 
p <0.001 

R= 0.291 
p= 0.080 

R= 0.729 
p <0.001 

R= 0.712 
p <0.001 

R= 0.494 
p= 0.004 

M 
R= 0.710 
p <0.001 

R= 0.310 
p= 0.062 

R= 0.721 
p <0.001 

R= 0.586 
p <0.001 

N 
R= 0.480 
p= 0.003 

R= 0.616 
p <0.001 
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Supplemental Table 6. Statistical differences between patients of each group for all T-

cell immune responses at T2. 

T2
SOT 

median (IR) 
IC

median (IR) 
HC

median (IR) 
SOT vs IC  
(p value) 

SOT vs HC  
(p value) 

IC vs HC  
(p value) 

INF-  Spike 165 (75-298) 77 (52-208) 3 (1-6) 1 0.000 0.001 

INF-
Membrane 

45 (26-124) 71 (40-253) 0 (0-2) 0.776 0.000 0.000 

INF-
Nucleocapsid 

65 (188-43) 61 (28-125) 1 (0-3) 1 0.000 0.000 

INF-
Envelope 

2 (0-5) 1 (0-2) 1 (0-2) 0.239 0.239 0.239 

IL-2 Spike 
315 (209-

449)
122 (71-231) 1 (0-4) 0.258 0.000 0.004 

IL-2
Membrane 

117 (50-162) 112 (35-210) 1 (0-4) 1 0.000 0.000 

IL-2
Nucleocapsid 

126 (73-260) 67 (24-102) 0 (0-3) 0.590 0.000 0.001 

IL-2 Envelope 2 (0-4) 0 (0-3) 1 (0-4) 0.260 0.260 0.260 

INF- -IL-2
Spike 

71 (37-105) 40 (30-65) 1 (0-1) 1 0.000 0.001 

INF- -IL-2
Membrane 

20 (11-39) 43 (13-81) 0 (0-1) 1 0.000 0.000 

INF- -IL-2
Nucleocapsid 

28 (10-48) 17 (10-30) 0 (0-1) 1 0.000 0.000 

INF- -IL-2
Envelope 

1 (0-2) 0 (0-1) 0 (0-1) 0.233 0.233 0.233 

IL-21 Spike 94 (27-412) 35 (0-612) 1 (0-8) 0.399 0.000 0.113 

IL-21 
Membrane 

25 (7-192) 81 (0-595) 2 (0-8) 1 0.047 0.039 

IL-21 
Nucleocapsid 

36 (8-207) 24 (0-300) 1 (0-7) 0.774 0.005 0.284 

IL-21 
Envelope 

4 (0-25) 2 (0-64) 1 (0-2) 0.463 0.463 0.463 

IL-5 Spike 1 (0-6) 3 (0-8) 0 (0-0) 1 0.018 0.025 

IL-5
Membrane 

1 (0-2) 6 (1-12) 0 (0-0) 0.119 0.041 0.000 

IL-5
Nucleocapsid 

1 (0-5) 1 (0-5) 0 (0-0) 1 0.002 0.018 

IL-5 Envelope 0 (0-0) 0 (0-1) 0 (0-0) 0.267 0.267 0.267 

IL-6 Spike 117 (45-200) 126 (38-291) 9 (0-59) 1 0.009 0.012 

IL-6
Membrane 

28 (8-97) 95 (28-271) 5 (0-83) 0.229 0.273 0.005 

IL-6
Nucleocapsid 

68 (22-138) 86 (17-327) 1 (0-68) 1 0.062 0.016 

IL-6 Envelope 36 (0-145) 86 (8-305) 8 (0-55) 0.097 0.097 0.097 
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Supplemental Table 7. Statistical differences between patients of each group for all T-

cell immune responses at T3. 

T3
SOT 

median (IR) 
IC

median (IR) 

HC
median 

(IR) 

SOT vs IC  
(p value) 

SOT vs HC  
(p value) 

IC vs HC  
(p value) 

INF-  Spike 
225 (101-434) 102 (45-197) 3 (1-6) 0.383 0.000 0.000 

INF-
Membrane 34 (21-159) 122 (40-169) 0 (0-2) 1 0.000 0.000 
INF-
Nucleocapsid 87 (37-240) 45 (17-131) 1 (0-3) 0.633 0.000 0.000 

INF-  Envelope 
1 (0-7) 0 (0-2) 1 (0-2) 0.541 0.541 0.541 

IL-2 Spike 
425 (242-606) 181 (58-289) 1 (0-4) 0.07 0.000 0.002 

IL-2 Membrane 
133 (74-241) 158 (41-257) 1 (0-4) 1 0.000 0.000 

IL-2
Nucleocapsid 215 (110-379) 56 (38-171) 0 (0-3) 0.127 0.000 0.001 

IL-2 Envelope 
2 (0-10) 3 (0-5) 1 (0-2) 0.273 0.273 0.273 

INF- -IL-2 Spike 
80 (44-113) 57 (20-90) 1 (0-1) 0.482 0.000 0.000 

INF- -IL-2
Membrane 15 (10-67) 46 (10-81) 0 (0-1) 1 0.000 0.000 
INF- -IL-2
Nucleocapsid 33 (12-66) 13 (9-48) 0 (0-1) 0.931 0.000 0.000 
INF- -IL-2
Envelope 0 (0-3) 0 (0-2) 0 (0-1) 0.830 0.830 0.830 

IL-21 Spike 
107 (36-212) 10 (2-83) 2 (0-8) 0.025 0.000 0.294 

IL-21 
Membrane 37 (1-112) 11 (0-85) 2 (0-8) 1 0.034 0.368 
IL-21 
Nucleocapsid 75 (16-241) 13 (1-39) 1 (0-7) 0.084 0.000 0.189 

IL-21 Envelope 
1 (0-25) 0 (0-14) 1 (0-2) 0.424 0.424 0.424 

IL-5 Spike 
2 (0-6) 0 (0-4) 0 (0-0) 0.178 0.001 0.342 

IL-5 Membrane 
1 (0-2) 2 (0-7) 0 (0-0) 1 0.015 0.004 

IL-5
Nucleocapsid 2 (0-7) 0 (0-5) 0 (0-0) 1 0.016 0.232 

IL-5 Envelope 
0 (0-2) 0 (0-1) 0 (0-0) 0.065 0.065 0.065 

IL-6 Spike 
108 (22-224) 27 (0-105) 1 (0-83) 0.181 0.016 1 

IL-6 Membrane 
92 (0-207) 61 (0-125) 1 (0-69) 0.079 0.079 0.079 
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IL-6
Nucleocapsid 74 (18-159) 54 (0-108) 8 (0-56) 0.079 0.079 0.079 

IL-6 Envelope 
46 (7-126) 50 (0-92) 2 (0-68) 0.191 0.191 0.191 

Do
cu

m
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: A
LE

XA
N

DR
E 

FA
VA

 B
U

CH



Supplemental Table 8. Clinical characteristics of COVID-19 patients with 
severe outcomes

MV or death No MV nor death P-Value 

All patients (N=10) (N=34)

Age (years, mean±SD) 65.5 ±10.9 57.6 ± 12.7 0.102

Sex: Male/Female (n, %) 7/3 (70/30) 23/11 (67.6/32.4) 0.606

Comorbidities (n, %) 

Diabetes  5 (50%) 7 (20.6%) 0.105

Arterial Hypertension  7 (70%) 18 (52.9%) 0.279

Obesity   2 (20%) 7 (20.6%) 0.909

Pulmonary disease   1 (10%) 3 (8.8%) 0.317

Heart Disease  2 (20%) 6 (17.6%) 0.594

Laboratory findings (n, %)

CRP (mg/L, mean ± SD) 103.7±70.5 91.6±75.5 0.561

LDH (IU/ml, mean ± SD)  298.9±92.8 281.7±102.8 0.499

Lymphocytes (cells/ mm3,
mean ± SD)  

719±439 839±564 0.738

SOT (N=9) (N=19)

Age (years, mean±SD) 65.6±11.5 56.5±13.8 0.101

Sex: Male/Female (n, %) 6/3 (66.7/33.3) 13/4 (76.5/23.5) 0.398

Comorbidities (n, %) 

Diabetes  5 (55.5%) 6 (35.3%) 0.212

Arterial Hypertension  7 (77.8%) 12 (70.6%) 0.374

Obesity   2 (22.2%) 4 (23.5%) 0.844

Pulmonary disease   1 (11.1%) 1 (5.9%) 0.548

Heart Disease  2 (22.2%) 4 (23.5%) 0.650

Laboratory findings (n, %)

CRP (mg/L, mean ± SD) 119.2±130.1 87±77.3 0.562

LDH (IU/ml, mean ± SD)  298.9±92.8 277.3±121 0.428

Lymphocytes (cells/ mm3,
mean ± SD)  

701±463 517±321 0.339

Abbreviations: MV, mechanical ventilation (invasive or non-invasive); CRP, C-
reactive protein; LDH, lactate dehydrogenase; SOT, solid organ transplant.
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Supplemental Table 9. Baseline immunosuppression regimes and modifications during COVID-19 infection
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Carolina Santana5, Néstor Toapanta6, Manuel Lopez7, Vincent Pernin8, Carme Facundo9,
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Long-term adaptive immune memory has been reported

among immunocompetent individuals up to eight months

following SARS-CoV-2 infection. However, limited data is

available in convalescent patients with a solid organ

transplant. To investigate this, we performed a thorough

evaluation of adaptive immune memory at different

compartments (serological, memory B cells and cytokine

[IFN-g, IL-2, IFN-g/IL12 and IL-21] producing T cells) specific

to SARS-CoV-2 by ELISA and FluoroSpot-based assays in

102 convalescent patients (53 with a solid organ

transplants (38 kidney, 5 liver, 5 lung and 5 heart

transplant) and 49 immunocompetent controls) with

different clinical COVID-19 severity (severe, mild and

asymptomatic) beyond six months after infection. While

similar detectable memory responses at different immune

compartments were detected between those with a solid

organ transplant and immunocompetent individuals, these

responses were predominantly driven by distinct COVID-19

clinical severities (97.6%, 80.5% and 42.1%, all significantly

different, were seropositive; 84% vs 75% vs 35.7%, all

significantly different, showed IgG-producing memory B

cells and 82.5%, 86.9% and 31.6%, displayed IFN-g

producing T cells; in severe, mild and asymptomatic

convalescent patients, respectively). Notably, patients with

a solid organ transplant with longer time after

transplantation did more likely show detectable long-

lasting immune memory, regardless of COVID-19 severity.

Thus, our study shows that patients with a solid organ

transplant are capable of maintaining long-lasting

peripheral immune memory after COVID-19 infection;

mainly determined by the degree of infection severity.
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T
he coronavirus disease 2019 (COVID-19) caused by the

severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) has challenged global health in an unprece-

dented manner, resulting in a widespread morbidity and

mortality. Even though most people develop mild symptoms

or remain asymptomatic after SARS-CoV-2 infection,1,2 some

patients develop a severe respiratory syndrome that associates

with an excessive systemic inflammatory process, ultimately

leading to respiratory failure and death.3,4 Notably, some spe-

cific group of patients seem to be at significantly higher risk

of fatal outcomes such as recipients of solid organ transplants

(SOT), most likely due to their chronic immunosuppressive

therapy that broadly targets adaptive T-cell immunity.5,6

Recent important studies have shown that during acute

COVID-19 and early convalescence, infected patients develop

robust adaptive immune responses by means of high SARS-

CoV-2–specific IgG antibody titers and T-cell frequencies,

both CD4 and CD8 T cells, in peripheral blood.7 Remarkably,

the strength of these adaptive immune responses seems to

also vary according to distinct COVID-19 disease severity,8-12

thus, suggesting a key role of SARS-CoV-2–specific immunity

controlling and limiting primary viral replication.13-16 On the

other hand, a long-lasting protective immunity, both sero-

logical and cellular, has also been reported among convales-

cent COVID-19 patients from the general population between

5 and 8 months after infection.17

In the setting of SOT, however, scarce information has

been reported regarding the degree, durability, and biological

interplay between different adaptive immune mechanisms in

response to SARS-CoV-2. In this regard, our group recently

showed that SOT patients developing a moderate or severe

COVID-19 infection are able to generate, albeit with a notable

initial delay, similarly strong SARS-CoV-2–specific serological

and T-cell immune responses during early convalescence as

compared with immunocompetent (IC) patients with the

similar severe infection.18,19 Nevertheless, unlike SARS-CoV-2

convalescent immunity, weak adaptive immune responses

have been reported in SOT recipients after 2 doses of

messenger RNA-based vaccination.20,21 Importantly, under-

standing whether memory immune responses specific to

SARS-CoV-2 last for long convalescent periods and how the

serological and B and T cellular compartments behave over

time is key to establish guided preventing strategies among

this high-risk patient population.

Herein, we performed a thorough evaluation of both

serological and functional T- and B-cell immune memory

against main immunogenic SARS-CoV-2 antigens using

functional cell-based immune assays, in a cross-sectional

cohort of 102 convalescent SOT (n ¼ 53) and IC healthy

individuals (n ¼ 49) with distinct disease severity, beyond 6

months after COVID-19 infection.

METHODS

Patients of the study and clinical definitions
One-hundred and two COVID-19 convalescent patients from

different European transplant centers were evaluated in this study

(Bellvitge University Hospital [N ¼ 67]; Vall d’Hebron University

Hospital [N ¼ 13]; Montpellier University Hospital [N ¼ 4]; Fun-

dació Puig-Vert [N ¼ 3]; Lyon University Hospital [N ¼ 2]; Hospital

del Mar [N ¼ 2]; Hospital Clinic [N ¼ 1]) and a general medical

assistance center (N ¼ 10). A total of 53 SOT recipients (38 kidney, 5

liver, 5 lung, and 5 heart transplants) and 49 IC healthy individuals,

in whom peripheral blood mononuclear cells and serum samples

could be obtained, with a median follow-up after COVID-19

infection beyond 6 months (199 days; interquartile range [IQR],

170-215), were included in this study. In addition, 35 subjects (21

SOT and 14 IC) having developed a severe COVID-19 were

compared with their 1-month postinfection immune memory status.

None of the participants had been vaccinated, before or during the

study follow-up.

All patients had been tested positive for SARS-CoV-2 infection by

a real-time reverse transcription–polymerase chain reaction analysis

on nasopharyngeal swab samples and diagnosed for COVID-19

between March and October 2020. Samples from 16 prepandemic

uninfected individuals were used as negative controls for T-cell as-

says, as described elsewhere.18 Additional 10 historic biological

samples were employed as controls for the B-cell functional assays.

As shown in the flowchart of the study (Figure 1), both SOT

recipients and IC patients included in the study were classified ac-

cording to 3 distinct COVID-19 clinical presentations: 41 had been

hospitalized for a severe COVID-19 (SEV) requiring oxygen supply

(22 SOT and 19 IC), 42 presented with mild symptoms (MILD) and

were not hospitalized (22 SOT, 20 IC), and 19 were asymptomatic

(ASYMP) and found positive for SARS-CoV-2 by a real-time reverse

transcription–polymerase chain reaction on nasopharyngeal swab in

routine screening or contact tracking tests (9 SOT and 10 IC). Main

clinical, demographic, and immunologic patient characteristics were

recorded.

The study was approved by the ethical review boards (PR115/20)

at each center, and patients were recruited in the study after

providing a signed informed consent.

Collection and management of serum and peripheral blood
mononuclear cell samples
Detailed description is depicted in the Supplementary Methods.

Assessment of SARS-CoV-2–specific humoral immunity

SARS-CoV-2–specific serological memory. Serum IgG anti-

bodies were assessed against 2 main SARS-CoV-2 antigens: the

nucleoprotein and spike glycoprotein in 101 of 102 (99%) study

patients using 2 distinct enzyme-linked immunosorbent assay plat-

forms. Detailed information of the methodology and interpretation

is provided as Supplementary Material.

SARS-CoV-2–specific IgG-producing memory B cells. Circu-

lating SARS-CoV-2–specific IgG-producing memory B-cell (mBC)

frequencies was assessed against the receptor binding domain of

SARS-CoV-2 spike protein in 71 of 102 (69.6%) individuals of the

study using a colorimetric B-cell enzyme-linked immunosorbent

spot assay. A thorough description of the method and interpretation

(Supplementary Figure S1) of this assay is depicted in the

Supplementary Material.

SARS-CoV-2–reactive cytokine-producing memory T cells. Cir-

culating SARS-CoV-2–reactive cytokine-producing memory T-cell

frequencies could be assessed in 97 of 101 (95.1%) patients of the

study using a multicolor FluoroSpot Immune assay (AID Gmbh), in

which 4 distinct cytokine-producing T-cell frequencies were
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simultaneously assessed: effector (interferon-g [IFN-g]), proliferative

(interleukin-2 [IL-2]), central (IFN-g/IL-2) T helper cell 1 and IL-21

T helper cell 1 memory responses. These responses were evaluated

against the 4 main structural SARS-CoV-2 proteins: spike glycoprotein

(S), membrane protein (M), nucleoprotein (N), and envelope small

membrane protein (E) (JPT). A strong positive correlation of T-cell

immune responses between all viral antigens was observed but for

antigen E, which were barely detectable (Supplementary Table S1).

Thus, all the analyses were focused against antigens S, M, and N.

Global SARS-CoV-2–reactive T-cell immune responses were calcu-

lated by means of the median T-cell frequencies against the 3 main

immunogenic antigens (S, M, and N) in each patient. Furthermore,

because a hierarchical T-cell immune response was observed and was

predominantly driven by IFN-g-producing T cells against antigen S

(Supplementary Figure S2), the qualitative assessment of T-cell im-

mune memory was based on this response. A detailed description of

the methodology and interpretation (Supplementary Figure S3) is

provided as Supplementary Material.

Statistics
Continuous variables were expressed as mean � SD or median and

IQR, and categorical variables as number of total (n) and percentage

(%). A comparison between groups was performed using Pearson’s

c
2 test for categorical data. Continuous measurements were

compared among groups using the Kruskal-Wallis and Mann-

Whitney U test for non-normally distributed data, whereas analysis

of variance and t tests were used when data were normally distrib-

uted. P values of <0.05 were considered statistically significant.

Univariate logistic regression models were used to investigate the

influence of clinical covariates (age, gender, symptomatic/asymp-

tomatic infection, and years after transplant) by means of odds ratio

(OR) with 95% confidence interval (CI) for humoral and cellular

responses. Those covariates that were associated with a P value

of <0.1 were introduced into a multivariate binary logistic regression

model. SARS-CoV-2–reactive cellular and humoral responses were

centered and scaled, and a heatmap was built by means of the

pheatmap R package 16 using Euclidean distance and complete

method as agglomeration method. R package version 1.0.12 was used

(https://CRAN.R-project.org/package¼pheatmap). All other analyses

were performed using SPSS version 26 software, and graphs were

generated using GraphPad Prism version 8.0 software (Graphpad

Software).

RESULTS

Patients of the study

As shown in the study flowchart (Figure 1) and Table 1, 102

COVID-19 convalescent patients after a median time of 199

days (IQR, 170–215 days) after infection were investigated (53

SOTand 49 IC). SOT had a median time after transplantation

of 5 years (IQR, 1–12 years), and most of them were receiving

a calcineurin-inhibitor-based immunosuppression (83%). All

patients were classified and matched according to the clinical

severity of COVID-19 infection: 41 SEV (22 SOT, 19 IC), 42

MILD (22 SOT, 20 IC), and 19 ASYM (9 SOT, 10 IC).

In general, IC patients were slightly younger (50.1 � 15.8

vs. 57.9 � 12.5 mean age, P ¼ 0.017) and their convalescence

period was longer (206 [185–232] vs. 184 [159–207] median

days, P ¼ 0.005) than SOT (Figure 1), and these differences

were mainly driven by the MILD IC group, which was

composed of health care workers (Table 1). Among the

remaining groups, IC and SOTwere matched for age and time

after infection. There were no differences regarding the type

of immunosuppression, SOT, or time after transplantation

between the 3 distinct clinical groups.

None of the included patients was diagnosed of transplant

rejection during the acute SARS-CoV-2 infection or the

follow-up, but 1 kidney transplant individual who presented a

subclinical antibody-mediated rejection in a 12-month pro-

tocol biopsy.

Disease severity but not patient condition drives long-lasting
immune memory

As illustrated in an unsupervised heatmap in Figure 2, SARS-

CoV-2–specific immune memory responses, both at the

serological and functional B- and T-cell compartments, were

Convalescent COVID-19 patients

SOLID ORGAN TRANSPLANTS IMMUNOCOMPETENT

(n = 102)

(n = 53) (n = 49)

Age (yr): 57.9 ± 12.5 Age (yr): 50.1 ± 15.8*

Severe (n = 21)

Kidney (n = 16) Kidney (n = 16) Kidney (n = 6)

Liver (n = 2) Liver (n = 3)

Lung (n = 0) Lung (n = 3)

Heart (n = 4) Heart (n = 0)

Liver (n = 0)

Lung (n = 2)

Heart (n = 1)

Severe (n = 14)
*P < 0.05

Severe Mild Asymptomatic

n = 9n = 22

Severe

n = 19 n = 20

Mild Asymptomatic

n = 10n = 22

49 (44–53) days

199 (170–215) days

Sex (female): 16 (30.2%) Sex (female): 24 (49%)

Time after infection (d): 184 (IQR,159–207) Time after infection (d): 206 (IQR,185–232)*

199 days (IQR, 170–215)

Figure 1 | Flowchart of the study. *P < 0.05 (c2 test and t test). COVID-19, coronavirus disease 2019; IQR, interquartile range.
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predominantly explained by the clinical severity of COVID-19

infection rather than by the patient condition, either SOT or

IC. As shown, all differences were fundamentally driven by

the severe clinical groups but not for IL-21-producing T cells,

which did not significantly differ across different clinical se-

verities (Supplementary Table S2).

Long-term SARS-CoV-2–specific humoral memory serological
memory

Beyond 6 months after infection, 81 of 101 (80.2%) and 78 of

101 (77.2%) patients showed detectable SARS-CoV-2 IgG

antibody levels against antigens spike (S) and nucleoprotein

(N), respectively. As illustrated in Figure 3a and b, there were

no differences regarding both seroconversion rates (81.13%

vs. 79.17%; P ¼ 0.805) and IgG titters (108 [28.85–396.5] vs.

85.8 [16.5–398.5] UA/ml; P ¼ 0.58) against antigen S between

SOT and IC, respectively. Conversely, although similar sero-

conversion against antigen N was observed between SOT and

IC, N-specific IgG titers were lower among SOT patients (6.7

[0.67–33] vs. 34.3 [4.43–75.63] UA/ml; P ¼ 0.027).

A clear seroconversion gradation according to the 3

distinct clinical severities was observed, regardless of patient

condition, either SOT or IC (40 of 41 [97.56%] vs. 33 of 41

[80.48%] vs. 8 of 19 [42.1%]; P < 0.001; and 38 of 41

[92.68%] vs. 31 of 41 [75.6%] vs. 9 of 19 [47.36%]; P <

0.001) for SEV, MILD, and ASYMP against antigens S and N,

respectively (Figure 3c and d; Supplementary Table S3). The

same observation was found for IgG titers (435 [189–775.5]

vs. 39.4 [15.85–113] vs. 4.94 [0–68]; P < 0.001; and 35.7

[8.63–81.25] vs. 9.39 [0.89–50.6] vs. 0.08 [0.08–13.7]; P <

0.001) in SEV, MILD, and ASYMP patients against antigens S

and N, respectively (Figure 3e and f).

Nonetheless, despite that higher IgG titers against antigen

S were observed among MILD-SOT than MILD-IC patients

(76.7 [30.4–209.8] vs. 20.9 [15.5–45.2] UA/ml; P ¼ 0.034),

most likely due to the later time of analysis of MILD-IC

subjects (Table 1), SEV-IC patients displayed numerically

higher IgG titers against antigen N than SEV-SOT patients

(61.8 [36.2–92.1] vs. 15.7 [4–33.4] UA/ml; P < 0.001).

B-cell memory

A total of 49 of 71 (69%) patients displayed detectable

circulating receptor binding domain of SARS-CoV-2 spike–

specific IgG-producing mBC, with similar proportion (22

of 31 vs. 28 of 40; P ¼ 0.929) and frequencies (0.0134 [0–

0.0557] vs. 0.0116 [0–0.054]; P ¼ 0.883) between SOT and

IC patients, respectively (Figure 4a and b). Likewise to

serology, detection of mBC was highly influenced by the 3

different clinical presentations (84% vs. 75% vs. 35.7%;

P ¼ 0.004, in SEV, MILD, and ASYMP, respectively),

regardless of patient condition (Figure 4c and d;

Supplementary Table S4). Even though no statistical dif-

ferences were observed regarding IgG-producing mBC fre-

quencies between groups, SEV patients showed numerically

higher frequencies, this difference being especially evident

between SEV-IC versus ASYMP-IC patients (0.059 [0.013–

0.189] vs. 0 [0–0.031]; P ¼ 0.024) (Figure 4d).

Long-term SARS-CoV-2–specific T-cell memory

Overall, there were no differences regarding the proportion of

patients with detectable SARS-CoV-2–reactive T cells or their

frequencies for any of the evaluated cytokine-producing T

cells between SOT and IC patients against the different viral

antigens (Supplementary Figures S4 and S5; Supplementary

Table S5).

A hierarchical T-cell immune response was observed that

was mainly dominated by antigen S (Supplementary

Figure S2; Supplementary Table S6). Similar to humoral

immunity, the proportion of T-cell responders significantly

decreased along with the different clinical presentations

(Figure 5), and these differences were independent of the

patient condition (Supplementary Figure S6). As described in

Figure 6, a clear decrease in all SARS-CoV-2–reactive

cytokine-producing T-cell frequencies but not for IL-21-

Table 1 | Demographic and clinical characteristics of patients infected by SARS-CoV-2

COVID-19 patients (n [ 102)

Severe (n [ 41) Mild (n [ 42) Asymptomatic (n [ 19)

P valueSOT (n [ 22) IC (n [ 19) SOT (n [ 22) IC (n [ 20) SOT (n [ 9) IC (n [ 10)

Age, yr, mean � SD 56.7 � 13.7 60.4 � 9.2 60.6 � 9.6 35.2 � 10.6a 54.3 � 15.3 60.5 � 8.9 <0.001

Sex (female), n (%) 4 (18.2) 7 (36.8) 8 (40) 11 (55) 4 (44.4) 6 (60) 0.145

Time after infection, d, median (IQR) 196 (181–213) 201 (185–206) 177 (132–203) 231a (213–252) 161 (121–168) 163 (139–185) <0.001

Transplant organ, n (%)

Kidney 16 (72.7) NA 16 (80) NA 6 (66.7) NA

Liver 2 (10) NA 3 (15) NA 0 NA 0.161

Heart 0 (0) NA 3 (15) NA 2 (22.2) NA

Lung 4 (18.2) NA 0 NA 1 (11.1) NA

Type of immunosuppression

Calcineurin inhibitors 16 (72.7) NA 20 (100) NA 8 (88.9) NA 0.241

Mycophenolate mofetil 21 (94.5) NA 19 (95) NA 6 (66.7) NA 0.099

mTor inhibitors 4 (18.2) NA 2 (10) NA 2 (22.2) NA 0.566

Steroids 18 (81.8) NA 17 (85) NA 9 (100) NA 0.304

Time after transplant, yr, mean � SD 8.05 � 7.45 NA 5.82 � 6.79 NA 7.56 � 7.09 NA 0.571

COVID-19, coronavirus disease 2019; IC, immunocompetent; IQR, interquartile range; mTOR, mammalian target of rapamycin; NA, not applicable; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2; SOT, solid organ transplant.
aStatistical differences were only observed between mild SOT and IC patients.
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producing T cells was observed in line with the less severe

clinical presentation. Of note, a less pronounced SARS-CoV-

2–specific T-cell gradient was observed among SOT as

compared with IC patients, especially between severe and

mild convalescent COVID-19 patients.

Relationship between serological and cellular SARS-CoV-2–
specific immunity

A significant positive correlation between serum IgG titers

and frequencies of IgG- and cytokine-producing memory B

and T cells, respectively, against protein S was observed,

which was more robustly observed within the IC group

(Figure 7). Conversely, no correlation was found between

serologic and cellular responses against protein N and be-

tween frequencies of IgG-producing mBC and cytokine-

producing T cells.

Next, we compared all memory immune compartments in

each individual according to the different clinical pre-

sentations in all patients in whom the humoral (either mBC

or antibodies) and cellular immune responses could be

investigated (97 of 102 [95.1%] patients; 40 SEV, 38 MILD,

and 19 ASYMP). As shown in Figure 8, although all SEV

Figure 2 | Heatmaps generated by hierarchical clustering of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)–specific
immune responses for solid organ transplant (SOT) and immunocompetent (IC) patients, according to the coronavirus disease 2019
(COVID-19) disease severity (moderate/severe, mild, or asymptomatic). Immune responses used for clustering were differentially
expressed (fold change >2, false discovery rate P < 0.05). Gray fields indicate missing values. IFN, interferon; IL, interleukin.

Figure 3 | IgG antibody responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike and nucleocapsid
proteins. (a) Proportion of solid organ transplants (SOT) and immunocompetent (IC) individuals with detectable IgG antibodies. (b) IgG
antibody titters against antigens Spike and nucleoprotein among SOT and IC; *P < 0.05. (c,d) Seropositive proportion of patients for spike (c)
and nucleoprotein (d), according to infection severity at the onset. In columns, immunosuppression status for every cluster of severity. (e,f)
IgG-spike (e) and IgG-nucleoprotein (f) titters according to severity and immunosuppression group; *P < 0.05. Detailed data on antibody
titters are available in Supplementary Table S3.
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patients showed some detectable SARS-CoV-2–specific im-

mune memory, 5.3% (2 of 38) of MILD and up to 42.1% (8

of 19) of ASYMP patients did not show detectable antiviral

immunity in any of the 3 immune compartments (P <

0.001). No differences were found between SOT and IC (data

not shown).

Figure 4 | Frequencies of receptor binding domain (RBD)–specific IgG-producing memory B cells (mBCs). (a) Proportion of solid organ
transplant (SOT) and immunocompetent (IC) individuals with detectable RBD-IgG–producing mBCs. (b) Frequencies of RBD-IgG–producing
mBCs between SOT and IC. (c) Proportion of individuals with detectable RBD-IgG–producing mBCs according to infection severity at the onset.
In columns, immunosuppression status for each severity group. (d) Frequencies of RBD-IgG–producing mBCs according to severity and
immunosuppression group; *P < 0.05. Detailed data on ratio of RBD-IgG–producing mBC are provided in Supplementary Table S4.

Figure 5 | Proportion of patients with detectable severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)–reactive cytokine-
producing T-cell responses according to infection severity. Interferon-g (IFN-g), interleukin-2 (IL-2), IFN-g/IL-2, and IL-21 were assessed.
*P < 0.05.
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Longitudinal analysis of SARS-CoV-2 immune memory in
severe convalescent COVID-19 patients

In a subgroup of 35 severe convalescent patients (21 SOT and

14 IC), SARS-CoV-2 immune memory could be compared

with a previous initial time point after COVID-19 infection

(49 days; IQR, 43–53). As illustrated in Figure 9a, although no

differences were observed regarding percentages of seroposi-

tivity against antigens S and N as well as in IgG titers against

antigen N between the 2 time points in the 2 groups, anti-S

IgG titers significantly dropped in both groups (800 [285–

800] vs. 277.5 [186.5–800]; P ¼ 0.029 for SOT; 800 [524–800]

vs. 571 [263–713]; P ¼ 0.002 for IC).

Notably, a significant decline was observed in all cytokine-

producing SARS-CoV-2–reactive T-cell frequencies but not in

IL-21, in both groups (Figure 9b), with a higher proportion of

SOT becoming non–T-cell responders than IC (Figure 9c).

Main clinical determinants influencing long-term immune
memory

We then investigated whether main demographic character-

istics such as age, gender, or time after transplant influenced

long-term immune memory at the distinct compartments,

adjusting for the type of COVID-19 clinical severity, given its

preponderance leading to distinct long-lasting SARS-CoV-2–

specific immune responses.

Contrary to infection severity, age and gender did not

impact on long-term immunity of IC individuals (data not

shown).

Among SOT, however, in addition to COVID-19 disease

severity, time (years) since transplantation was also revealed

as an independent factor modulating the maintenance of

long-term peripheral immune memory (Supplementary

Table S7), specifically for anti-N IgG antibodies (OR, 1.2;

95% CI, 1.02–1.40; P ¼ 0.02), IFN-g, and IFN-g/IL-2-

reactive T cells (OR, 1.4; 95% CI, 1.08–1.83; P ¼ 0.013;

and OR, 1.14; 95% CI, 1.01–1.28; P ¼ 0.028, respectively).

DISCUSSION

In this study, we investigated the persistence and magnitude

of adaptive immune memory specific to SARS-CoV-2 beyond

6 months after infection in a large cohort of convalescent SOT

recipients and IC individuals having experienced 3 distinct

clinical presentations, severe, mild, or asymptomatic COVID-

19. Herein, we show that SOT patients are capable of

Figure 6 | Global T-cell responses specific to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; median T-cell frequencies
against the 3 SARS-CoV-2 immunogenic antigens: S, M, and N). Significant intra- and intergroup differences (solid organ transplant [SOT]
severe symptoms [SEV], SOT mild symptoms [MILD], SOT asymptomatic [ASYMP], immunocompetent [IC] SEV, IC MILD, and IC ASYMP) are
shown; *P < 0.05. IFN-g, interferon-g; IL-2, interleukin-2; SFU, spot forming unit.
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maintaining a long-lasting functional immune response spe-

cific to SARS-CoV-2 similar to IC individuals both at the

serological and T- and B-cell memory immune compart-

ments. Most importantly, we found that the persistence and

magnitude of this response is mainly influenced by the degree

of COVID-19 clinical severity; thus a high proportion of

asymptomatic and some mild convalescent patients did not

display any detectable adaptive immune memory in any

biological compartment. To note, even though no major

differences were generally observed between SOTand IC, SOT

Figure 7 | Correlations between serologic and cellular immune compartments against (spike) severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) antigen. IgG titters against antigen S and circulating (receptor binding domain [RBD]–spike)-specific memory B
cell (mBc) frequencies exhibited a significant positive correlation (r ¼ 0.355, P ¼ 0.003), which was fundamentally driven by
immunocompetent (IC) subjects (r ¼ 0.548, P < 0.001). A similar pattern was observed between spike-specific IgG titers and the different
(spike)SARS-CoV-2–reactive cytokine-producing T-cell frequencies but for IL-21 (data not shown) was mainly observed within IC individuals
(interferon-g [IFN-g]: r ¼ 0.358, P ¼ 0.013; interleukin-2 [IL-2]: r ¼ 0.404, P ¼ 0.005; and IFN-g/IL-2: r ¼ 0.458, P ¼ 0.001). PBMC, peripheral
blood mononuclear cell; SFU, spot forming unit; SOT, solid organ transplant.

Figure 8 | Dot plots showing the proportion of subjects with detectable responses at the different immune compartments according
to disease severity. Humoral memory (H) þ T-cell memory (T) ¼ detectable (receptor binding domain [RBD]–spike)-specific memory B cell
(mBC) and/or anti-spike IgG and spike-specific interferon-g (IFN-g)–producing T cells. Humoral memory ¼ detectable (RBD-spike)-specific
mBC or anti-spike IgG. T-cell memory ¼ detectable spike-specific IFN-g-producing T cells. None (N): no detectable humoral or cellular
immunity. SEVERE group: 80% (HþT), 17.5% (H), 2.5% (T), 0% (N); MILD group: 78.9% (HþT), 7.9% (H), 7.9% (T), 5.3% (N); asymptomatic
(ASYMP) group: 26.3% (HþT), 26.3% (H), 5.3% (T), 42.1% (N); P < 0.001.
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individuals displayed weaker humoral responses to SARS-

CoV-2 antigen N, a weaker correlation between serologic

and cellular responses than convalescent IC patients with the

same clinical disease severity, and a more pronounced decline

of SARS-CoV-2–reactive cytokine-producing T-cell fre-

quencies over time. Furthermore, our data highlight a more

impaired long-term immune preservation among most

recently transplanted SOT individuals.

Recent studies have shown that for seasonal coronaviruses,

protective immunity seems to be predominantly short-lived.22

However, detectable long-term immune memory against

SARS-CoV-2 within 3 main compartments (serological and

B- and T-cell memory) has been described in convalescent IC

individuals beyond 6 months after COVID-19.8,17

In our study, although we confirm that COVID-19 pro-

vides detectable peripheral immunity at the 3 main immune

compartments (serological and functional B- and T-cell im-

mune responses) beyond 6 months after infection in conva-

lescent IC individuals, we show for the first time that SOT

patients are similarly capable of maintaining a long-lasting

immune memory response at the serological and functional

memory B- and T-cell level. In fact, the robust immune re-

sponses detected at the different immune compartments in

many SOT with the longest follow-up (up to 355 days after

infection) strongly suggest that memory immune responses in

this patient population may last even further despite receiving

chronic immunosuppression. Rather, the most relevant

feature determining the persistence and magnitude of pro-

tective immunity was the degree of COVID-19 clinical

severity. Notably, a clear gradient of immune responses from

the more severe to the mild and asymptomatic groups was

clearly delineated in our patients.8-12 In fact, whereas more

than 80% of severe convalescent COVID-19 subjects were

seropositive and displayed robust SARS-CoV-2–specific IgG-

and cytokine-producing memory B and T cells, respectively,

only in 40% of the asymptomatic group were these detectable.

A potential explanation for these findings may rely in recent

observations showing that severe hospitalized cases, both IC

and SOT, display higher viral loads, viremia, and longer viral

shedding as compared with milder COVID-19 cases,23-26

which may lead to higher antigen exposure ultimately trig-

gering stronger and long-lasting immune responses.

In line with previous studies,8,27 we also found a high

correlation between the different immune compartments

specific to SARS-CoV-2. However, these differences were

predominantly driven by the IC group, suggesting a more

impaired functional immune response of SOT related to

chronic immunosuppression. Indeed, the gradient of strength

and detection of immune responses at the T-cell level between

the distinct clinical COVID-19 presentations within SOT was

Figure 9 | Kinetics of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) IgG antibodies and T-cell responses in severe
coronavirus disease 2019 individuals between months 1 and 6 after infection. A total of 35 convalescent patients (21 solid organ
transplants [SOTs], 14 immunocompetent [IC]) were longitudinally assessed at 2 time points: T1 ¼ 49 (interquartile range [IQR], 44–53) days
and T2 ¼ 201 (IQR, 185–208) days after infection. (a) Quantitative and qualitative antibody (spike and nucleoprotein) responses; IgG titters
(UA/ml). (Continued)
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Figure 9 | (Continued) (b) T-cell frequencies for interferon-g (IFN-g), interleukin-2 (IL-2), IFN-g/IL-2, and IL-21; T-cell frequencies (spot forming
unit [SFU]/2 � 105 peripheral blood mononuclear cell [PBMC]). (c) Proportion of patients with detectable T-cell responses for IFN-g, IL-2, IFN-g/
IL-2, and IL-21. *P < 0.05.
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not pronounced as compared with IC patients, especially

between severe and mild patients. Moreover, in a longitudinal

analysis of immune response progression within severe

convalescent COVID-19 patients, SOT displayed a clearer

decline of functional T-cell immune memory than IC pa-

tients, again illustrating a certain deleterious effect of chronic

immunosuppression on antiviral immunity over time. In

addition, despite similar seropositivity rates for both antigens

S and N between IC and SOT, the latter displayed significantly

lower anti-N IgG titters than IC patients. Unlike in the gen-

eral population,17 it has recently been described that SOT

patients seem to show lower anti-N IgG titers,28 especially

those with higher immunosuppressive burden,29 suggesting

higher susceptibility of anti-N seroconversion to chronic

immunosuppression.

Finally, when we investigated major determinants influ-

encing the presence of SARS-CoV-2–specific immune mem-

ory within SOT patients, besides COVID-19 clinical severity,

we found that more recently transplanted patients exhibited

an independent higher risk of not maintaining detectable

serological and T-cell immunity than those with a longer

functioning graft. These data highlight the negative effect of

the initial immunosuppressive burden challenging adaptive

anti-viral immune responses.

Our study has some limitations. First, we have to consider

an inherent selection bias in our cohort, because all the

included individuals had successfully recovered from SARS-

CoV-2 infection, which is not the general COVID-19

outcome among this at-risk patient population. On the

other hand, our immune evaluation was restricted to the

original SARS-CoV-2 strain, due to the infection time period

(March to October 2020), so we are not able to fully ensure

whether these data would replicate with the more virulent

viral strains. Finally, this study was performed before the

successful vaccination campaigns,30 so we cannot completely

extrapolate these findings to breakthrough infections in pa-

tients after unsuccessful vaccination.

Also, the mild infection group of the study, which was

fundamentally based on health care workers, was a bit

younger and were analyzed at a later time. However, in

general, these differences did not impact on the immune re-

sponses compared with the same mild SOT group. Although

the number of asymptomatic patients was lower than the

other 2 groups, the consistency of the results observed within

this group counterbalances this constraint. Finally, we could

not describe the predominant T- or B-cell subsets, responsible

of these SARS-CoV-2–reactive T and B cells. However, our

FluoroSpot assay allowed us to functionally assess the fre-

quencies of different IgG- and cytokine-producing B and T

cells specific to SARS-CoV-2 at the single cell level.

In conclusion, our findings show that robust humoral and

cellular immune memory persists among IC and SOT

convalescent COVID-19 patients for more than 6 months

after infection, and these responses are highly dependent on

the clinical degree of COVID-19 severity, which might ulti-

mately illustrate a distinct level of viral antigen exposure.

However, long-lasting adaptive immunity seems to be chal-

lenged to some extent by chronic immunosuppression,

especially among those more recently transplanted. Our data

may have some relevant implications regarding the long-

lasting immune response achieved after vaccination, high-

lighting the need of an accurate and broader assessment of

SARS-CoV-2 immune response to establish guided preventive

strategies.
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Supplementary Methods.
Figure S1. Representative images of receptor binding domain (RBD)–

specific and polyclonal IgG detection from memory B-cells (mBCs),

prior differentiation to antibody secreting cells. No RBD-specific IgG

detection was found among healthy donors.

Figure S2. Hierarchical cytokine profile of T-cell responses against

main structural severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) proteins: spike (S), membrane (M), and nucleoprotein

(N).

Figure S3. Representative images of a convalescent solid organ

transplant (SOT) from severe coronavirus disease 2019 (COVID-19)

and an unexposed individual, including specific interferon-g (IFN-g)

responses against the spike overlapping peptide pool; pokeweed

mitogen (PWM), as internal positive control; isolated medium, as in-

ternal negative control; and the readouts after subtraction.

Figure S4. Percentage of solid organ transplant (SOT) and

immunocompetent (IC) patients with detectable (spike) severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) specific for different

cytokine-producing T cells.

Figure S5. Global T-cell responses specific to severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) (median [interquartile range] T-

cell frequencies against the 3 main SARS-CoV-2 immunogenic anti-

gens: spike [S], membrane [M], and nucleoprotein [N]) for solid organ

transplant (SOT) and immunocompetent (IC) patients and for each

cytokine assessed (interferon-g [IFN-g], interleukin-2 [IL-2], IFN-g/IL-2,

and IL-21).

Figure S6. Proportion of patients with detectable cytokine-producing

T-cell responses against severe acute respiratory syndrome corona-

virus 2 (SARS-CoV-2), according to the immunosuppression status and

infection severity.

Table S1. Correlations between severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2)–specific T-cell and B-cell responses.

Table S2. Statistical differences and false discovery rate (fdr) for all

the immune responses clustered in Figure 2 heatmap.

Table S3. IgG titters against spike and nucleoprotein (median UA/ml

[interquartile range]), according to immunosuppression status and

infection severity.
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Table S4. Ratio of IgG-producing memory B cells (median [inter-

quartile range]) against receptor binding domain (RBD), according to

immunosuppression status and infection severity.

Table S5. Specific T-cell responses (median spots [interquartile

range]) against severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2; median of SMN antigens), according to

immunosuppression status and infection severity.

Table S6. Hierarchical cytokine profile of T-cell responses against

main structural severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) proteins: spike (S), membrane (M), and nucleoprotein

(N). Frequencies of interferon-g (IFN-g)–, interleukin-2 (IL-2)–, IFN-g/

IL-2–, and IL-21–producing T cells were assessed among the 6 groups

of study.

Table S7. Univariate and multivariate analyses based on a binary

logistic regression model for major determinants influencing

persistence of severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) antibody and cellular responses among solid organ

transplants (SOT) after 6 months (odds ratio [95% confidence

interval]).
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SUPPLEMENTARY MATERIAL 

1 - Supplementary methods 

1.1- Collection and management of serum and peripheral blood 

mononuclear cells (PBMC) samples

centrifugation and subsequently frozen in liquid nitrogen until their use in 

functional analyses. Serum was isolated by centrifugation and samples were 

stored at -20ºC. 

1.2 - Assessment of SARS-CoV-2-specific Serological Memory 

Briefly, serological response to SARS-CoV-2 was determined by the detection of 

specific antibodies against both nucleocapsid and spike SARS-CoV-2 antigens. 

Two commercial chemiluminescence immunoassays (CLIA) were used, 

according to the manufacture instructions:  

1) Elecsys® Anti-SARS-CoV-2 (Roche Diagnostics, Mannheim, Germany) 

performed on the Cobas 8800 system (Roche Diagnostics, Switzerland) 

for the determination of total antibodies (including IgG, IgM and IgA) 

against nucleocapsid SARS-CoV-2 proteins (cut-

serum reactive (ACOV2 Cal2) and non-reactive (ACOV1 Cal1) for SARS-

CoV-2 antibodies were used as negative and positive calibrators 

(https://www.fda.gov/media/137605/download). 

2) LIAISON® SARS-CoV-2 TrimericS IgG (DiaSorin, Stillwater, MN, USA) 

performed on the LIAISON® XL Analyzer (DiaSorin, Italy) for the 

determination of IgG antibodies spike glycoprotein of SARS-CoV-2 (cut-

Do
cu

m
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: A
LE

XA
N

DR
E 

FA
VA

 B
U

CH



active and 

non-reactive for SARS-CoV-2 IgG antibodies 0.2% ProClin 300 were used 

as internal negative and positive controls, as provided by the manufacturer 

(https://www.fda.gov/media/149059/download). 

1.3- Assessment of RBD-specific B-cell Memory 

Briefly, to differentiate circulating mBCs to antibody-secreting cells (ASCs), 

peripheral blood mononuclear cells were cultured (1.5×106

in 5% CO2) for 6 days in Iscove Modified Dulbecco Media (IMDM) enriched 

medium, 500 ng/ml Human CD40/TNFRSF5 Antibody (Bio-Techne R&D 

Systems, S.L.U., USA), 600 IU/ml human interleukin-2 (Sigma Aldrich, USA), 100 

ng/ml human interleukin-21 (Peprotech, UK), 25 ng/ml human interleukin-10 

(Peprotech, UK), 2.5 ug/ml CpG-B DNA (ODN 2006) (HycultBiotech, The 

Netherlands)  and 10 ul/ml ITS Liquid Media Supplement (Sigma Aldrich, USA),

as previously described by our group S1.

After 6-day stimulation, 4.5×105 stimulated cells were seeded in each well to 

assess SARS-CoV-2 specific IgG spots, whereas 4.5×104 and 4.5×103 stimulated 

cells were seeded to assess the polyclonal IgG spot detection. 

For the detection of specific SARS-CoV-2 mBCs, we used RBD-WASP 

(recombinant SARS-CoV-2 Receptor Binding Domain (RBD) of the Spike protein 

(aa 319-541) with a C-terminal WASP peptide tag [PDYRPYDWASPDYRD]) at 

1:20 dilution; followed by anti-WASP-HRP (horseradish peroxidase) at 1:1000 

dilution.  
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For the polyclonal IgG detection, mAbs MT78/145-Biotin (1 ug/ml) and 

Streptavidin-HRP (1:1000) were used, respectively (anti-human IgG MT78/145 is 

a mouse monoclonal antibody to IGHG1, IGHG2, IGHG4, and immunoglobulin 

heavy constant gamma 1 [G1m marker]; this biotinylated antibody interacts and 

binds to the streptavidin-HRP complex to ultimately generate a detectable signal).  

Next, 100 uL of ready-to- -tetramethylbenzidine) solution was 

used as substrate for HRP, in order to develop the reaction until distinct spots 

emerge. After the plate was dried, spots were count in the Fluorspot Reader 

version 8 (AID® Gmbh, Strassberg, Germany). The ratio between RBD-specific 

mBCs over the total polyclonal IgG mBCs in each patient was used as a reliable 

approach to characterize the proportion or enhancement of a given RBD-specific 

IgG-antibody secreting cell (ASC) within the global IgG-ASC population. This 

approach method allows for qualitative and quantitative easy comparisons 

between sample stimulations S1,S2. 

-immunosuppressed individuals on the waiting list for kidney 

transplantation that were obtained 2 years before the pandemic (2018) were used 

as healthy controls, and all showed absence of detectable IgG RBD-specific

spots (Supplementary Figure S1).

Any ELISPOT test with non-detectable RBD-specific spots were considered as 

negative when assessed in a qualitative manner. Patients showing suboptimal 

proliferation results were excluded from the analysis (Supplementary Figure 

S1).  
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1.4- Assessment of polyfunctional SARS-CoV-2-specific T-cell responses

Briefly, 2x105 PBMCs (in 100 μl) were stimulated with the peptides for 24 hours 

for IFN- -2, IFN- -2 and 48 hours for IL-21. After washing steps, the 

different cytokine fluorospots were detected using primary and secondary 

antibodies against each cytokine plus the addition of enhancer. The spots 

obtained were automatically counted with the Fluorospot Reader version 8 (AID® 

Gmbh, Strassberg, Germany).  

In each test, complete medium alone (20% Fetal Bovine Serum (FBS) and 80% 

RPMI solution) and Pokeweed (PWM) mitogen were used as negative and 

positive controls, respectively. The results were considered after subtracting to 

each well the responses obtained in the respective internal negative control well 

(Supplementary Figure S3).   

As external negative controls, we previously showed18 that pre-pandemic 

unexposed individuals to SARS-CoV-2 did not respond to any of the used 

overlapping peptide pools of SARS-CoV-2 proteins (never exceeded 5

spots/2x105 stimulated PBMCs).  

Any antigen-specific ELISPOT test with less than 5 spots/2x105 PBMC was 

considered as negative when assessed in a qualitative manner. 

SARS-CoV-2 antigens

The Spike Glycoprotein (S) overlapping peptide pool (P0DTC2 protein, S gene)

contained 158 + 157 peptides of >70% purity, the Membrane Protein (M) 

overlapping peptide pool (P0DTC5 protein, VME-1 gene) contained 16 peptides 

of >70% purity, the Nucleoprotein (N) peptide overlapping pool (P0DTC9 protein,

NCAP gene) contained 102 peptides of >70% purity and the Envelope small 
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membrane Protein (E) overlapping peptide pool (P0DTC4 protein, VEMP gene)

contained 16 peptides of >70% purity. S, M, N and E peptides were reconstituted 

in DMSO and PBS and used at a final concentration of 2μg/mL. All SARS-CoV-2

peptides were designed by and purchased from JPT Innovative Peptide Solutions 

(JPT®, Berlin, Germany).  
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2 - Supplementary Figures 

2.1- Supplementary Figure S1. Representative images of RBD-specific and 

Polyclonal IgG detection from mBC, prior differentiation to antibody secreting 

cells (ASC). No RBD-specific IgG detection was found among healthy donors. 
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2.2- Supplementary Figure S2. Hierarchical cytokine profile of T-cell 

responses against main structural SARS-CoV-2 proteins Spike (S), 

Membrane (M) and Nucleoprotein (N). Frequencies of IFN- -2, IFN- -2

and IL-21-producing T cells were assessed among the six groups of study 

(median spots [IQR]).*p<0.05. Detailed data on antigen specific T cell responses

is provided in Supplementary Table 6.  
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2.3- Supplementary Figure S3. Representative images of a convalescent SOT 

from severe COVID-19 and an un-exposed individual, including specific INF-

responses against the Spike overlapping peptide pool; Pokeweed mitogen 

(PWM), as internal positive control; isolated medium, as internal negative control;  

and the readouts after subtraction. 

2.4- Supplementary Figure S4. Percentage of SOT and IC patients with 

detectable (Spike)SARS-CoV-2-specific  for different cytokine-producing T 

cells (IFN- -2, IFN- -2 and IL-21).  
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2.5- Supplementary Figure S5. Global T-cell responses specific to SARS-

CoV-2 (median [IQR] T-cell frequencies against the three main SARS-CoV-

2 immunogenic antigens: Spike(S), Membrane (M) and Nucleoprotein (N)) 

for SOT and IC patients and for each cytokine assessed (IFN- -2, IFN-

/IL-2 and IL-21).*p<0-05. Detailed data on global T-cell responses is available 

in Supplementary Table 5. 
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2.6- Supplementary Figure S6. Proportion of patients with detectable 

cytokine producing T-cell responses against SARS-CoV-2, according to the

immunosuppression status and infection severity. IFN- -2, IFN- -2 and 

IL-21 were assessed; *p<0.05
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3 - Supplementary Tables. Supplementary Table S1. Correlations between SARS-CoV-2-specific T

IFN- -producing T-cell frequencies IL-2-producing T-cell frequencies I

S M N E SMN 
(S)IgG
-mBc 

S M N E SMN 
(S)IgG-

mBc 
S 

S R= 0.585 
p <0.001 

R= 0.748 
p <0.001 

R= 0.085 
p=0.438 

R= 0.775 
p<0.001 

R=0.172 
p=0.134 

R=0.685 
p <0.001 

R= 0.840 
p <0.001 

R= -0.002 
p= 0.982 

R=0.884 
p<0.001 

R=0.097 
p=0.400 

R
p

M R= 0.692 
p <0.001 

R= 0.187 
p= 0.084 

R=0.825 
p<0.001 

R=0.055 
p=0.632 

R= 0.719 
p <0.001 

R= 0.012 
p= 0.914 

R=0.831 
p<0.001 

R=0.116 
p=0.317 

N R= 0.314 
p= 0.003 

R=0.937 
p<0.001 

R=-0.009 
P=0.941 

R= -0.021 
p= 0.849 

R=0.955 
p<0.001 

R=0.049 
p=0.672 

E R=0.261 
p=0.016 

R=0.015 
p=0.899 

R=-0.047 
p=0.672 

R=0.142 
p=0.232 

SMN R=0.053 
p=0.643 

R=0.090 
p=0.438 

IL-21-producing T-cell frequencies IL-5-producing T-cell frequencies 

S M N E SMN 
(S)IgG
-mBc 

S M N E SMN 
(S)IgG-

mBc 

S R= 0.551 
p< 0.001 

R= 0.044 
p= 0.671 

R= 0.546 
p< 0.001 

R=0.555 
P<0.001 

R=-0.126 
p=0.274 

R= 0.831 
p< 0.001 

R= 0.345 
p< 0.001 

R= -0.020 
p= 0.858 

R=0.411 
p<0.001 

R=-0.106 
p=0.359 

M R= 0.132 
p= 0.199 

R= 0.490 
p< 0.001 

R=0.724 
P<0.001 

R=-0.123 
p=0.288 

R= 0.356 
p< 0.001 

R= -0.006 
p= 0.959 

R=0.457 
p<0.001 

R=-0.116 
p=0.315 

N R= 0.064 
p= 0.561 

R=0.148 
p=0.148 

R=0.091 
p=0.431 

R= -0.090 
p= 0.412 

R=0.170 
p=0.097 

R=0.042 
p=0.717 

E R=0.665 
P<0.001 

R=-0.091 
p=0.447 

R=0.181 
p=0.100 

R=0.133 
p=0.264 

SMN R=-0.124 
p=0.282 

R=0.051 
p=0.661 
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Supplementary Table S2. Statistical differences and false discovery rate (fdr) for all the immune resp

Heatmap. 

OR upper lower p fdr
Serum.IgG..Spike. 7.39E+94 6.67E+12 1632.243 4.99E-11 9.49E-10
Serum.IgG..Nucleocapside. 43684815 3159.71 8.874408 0.031436 0.039818 
Ratio.SARS.CoV.2.sp.mBC 1.110838 1.03992 14.6629 0.008939 0.012132 
INFg_Spike 2.66E+18 31853.23 59.8249 8.81E-05 0.000209 
INFg_Membrane 3.41E+08 98.6596 72.15894 4.38E-05 0.000119 
INFg_Nucleocapside 1621058 180.151 15.68984 0.007037 0.010286 
INFg_Mean 1.46E+11 374.6006 76.56793 3.49E-05 0.000111 
IL2_Spike 3.17E+21 86520.29 77.87009 3.27E-05 0.000111 
IL2_Membrane 8.71E+10 256.8614 93.68414 1.6E-05 0.000111 
IL2_Nucleocapside 2.17E+09 841.1752 24.3306 0.001901 0.00301 
IL2_Mean 5.36E+13 1330.919 80.99657 2.82E-05 0.000111 
INFg_IL2_Spike 437657.6 31.81584 42.69751 0.000295 0.000561 
INFg_IL2_Membrane 78895.12 16.4289 56.17528 0.000111 0.000234 
INFg_IL2_Nucleocapside 217.8021 5.180204 26.39057 0.00147 0.00254 
INFg_IL2_Mean 11310.33 8.312855 82.03516 2.68E-05 0.000111 
IL21_Spike 0.194398 13665.76 0.841984 0.863796 0.863796 
IL21_Membrane 248.8279 76080.15 1.63368 0.62464 0.659343 
IL21_Nucleocapside 1.62E+20 2.07E+12 5.16087 0.103981 0.123478 
IL21_Mean 1018.098 3058.281 2.37014 0.390272 0.436187 
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Supplementary Table S3. IgG titters against Spike and Nucleoprotein (median 

UA/ml [IQR]), according to immunosuppression status and infection severity.

SOT IC
P

Value 
IgG Spike titters 

(UA/ml)
108 [25.85-396.5] 85.8 [16.5-398.5] p=0.581 

IgG Nucleoprotein 

titters (UA/ml)
6.73 [0.665-33] 34.3 [4.425-75.625] P=0.027 

IgG Spike 

titters 

(UA/ml) 

SEV 277.5 [172.75-763.25] 544 [228-800] p=0.274

MILD 76.7 [30.425-209.75] 20.9 [15.5-45.2] p=0.034

ASYMP 0 [0-44.1] 19.62 [0-112.775] p=0.315

IgG

Nucleoprotein 

titters (UA/ml) 

SEV 15.62 [4.025-33.375 61.8 [36.2-92.1] p<0.001

MILD 7.055 [0.405-49.55] 14.2 [2.6-56.3] p=0.403

ASYMP 0.08 [0.08-3.24] 3.345 [0.08-46.4] p=0.661

Supplementary Table S4. Ratio of IgG producing memory B cells (median [IQR]) 

against RBD, according to immunosuppression status and infection severity. RBD = 

receptor binding domain.

SOT IC
P

Value 
Ratio of SARS-CoV-2

IgG-producing mBC
0.0134 [0-0.0557] 0.0116 [0-0.054] p=0.883 

Ratio of 

SARS-CoV-2

IgG-

producing 

mBC 

SEV 0.0193 [0.006-0.0554] 0.0588 [0.0133-0.1889]  p=0.355

MILD 0.0093 [0-0.988] 0.0136 [0.002-0.0351] p=0.808

ASYMP 0 [0-0.0636] 0 [0-0.0306] p=0.898
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Supplementary Table S5. Specific T cell responses (median spots [IQR]) against 

SARS-CoV-2 (median of SMN antigens). according to immunosuppression status and 

infection severity.

SOT IC
P

Value 
IFN- 17 [1-52] 18 [4-43.75] p=0.742 

IL2 9 [0-40] 9 [3-35] p=0.575 

IFN- 3 [0-14] 5.5 [2-14] p=0.271 

IL21 1 [0-21.5] 11.5 [0-81.5] p=0.204 

IFN-

SEV 19 [2-68] 37 [22-81] p=0.124

MILD 22 [1-57] 10 [4-28] p=0.751

ASYMP 4 [0-17.5] 0 [0-14] p=0.315

IL2 

SEV 14 [3-71] 49 [14-90] p=0.111

MILD 7 [0-52] 7 [3-11] p=0.954

ASYMP 0 [0-1] 0 [0-1] p=0.497

IFN-

SEV 5 [0.5-20] 15 [8-32] p=0.047

MILD 5 [0-15 4 [2-7] p=0.795

ASYMP 0 [0-2.5]  0 [0-0.5] p=0.661

IL21 

SEV 3 [0-41.5] 12 [0-109] p=0.688

MILD 0 [0-22] 33 [0-66] p=0.057

ASYMP 5 [0-17.5] 0 [0-57.25] p=0.497
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Supplementary Table S6. Hierarchical cytokine profile of T cell responses against 

main structural SARS-CoV-2 proteins Spike (S), Membrane (M) and Nucleoprotein (N). 

Frequencies of IFN- -2, IFN- -2 and IL-21-producing T cells were assessed 

among the six groups of study.  

SOT IC P Value 

IFN-

SEV

S 70 [2.5-162.5]  66 [31-162] p=0.250
M 16 [0-46.5]  37 [22-94] p=0.013 
N 15 [0-68]  22 [8-52] p=0.520 

MILD 

S 41 [10-90] 16 [7-34] p=0.128
M 4 [0-32] 8 [4-23] p=0.767 
N 18 [0-57]  10 [4-28] p=0.795 

ASYMP 

S 1 [0-25]   2 [0-11] p=0.878
M 4 [1.5-12] 0 [0-14.5] p=0.377 
N 5 [0-13.5]   0 [0-8.25] p=0.400 

IL2 

SEV

S 48 [12.5-158]  70 [35-180] p=0.292
M 12 [2-52]  50 [25-92] p=0.009 
N 8 [0-52]   25 [11-64] p=0.040 

MILD 

S 15 [5-124]  11 [6-17] p=0.305
M 7 [1-22]  5 [2-9]  p=0.531 
N 2 [0-31]  7 [2-12] p=0.544 

ASYMP 

S 1 [0-2.5]   0 [0-5.5] p=0.904
M 0 [0-2]   0 [0-5.5] p=0.573 
N 0 [0-1.5] 0 [0-0] p=0.466 

IFN-

SEV

S 6 [2-36] 27 [14-45] p=0.011
M 2 [0-18]   21 [14-43] p=0.001 
N 2 [0-11] 6 [2-19] p=0.161 

MILD 

S 2 [3-47]  5 [2-7] p=0.357
M 2 [0-9] 4 [2-6] p=0.343 
N 1 [0-10]  3 [2-5] p=0.800 

ASYMP 

S 0 [0-3.5]   0 [0-4.25] p=0.987
M 0 [0-1]   0 [0-1.5] p=0.947 
N 0 [0-3]   0 [0-0.5] p=0.537 

IL21 

SEV

S 6 [0-51]  0 [0-86] p=0.915
M 3 [0-24.5]  10 [0-144] p=0.452 
N 0 [0-28.5]   12 [0-109] p=0.704 

MILD 

S 1 [0-37]   37 [0-114] p=0.325
M 0 [0-19]  27 [0-77] p=0.163 
N 0 [0-18]  25 [0-116] p=0.720 

ASYMP 

S 2 [0-13]   0 [0-116.5] p=0.968
M 6 [0-38.5]   0 [0-69] p=0.497 
N 0 [0-12]   0 [0-1.75] p=0.831 
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Supplementary Table S7. Univariate and multivariate analyses based on binary logistic regression 

influencing persistence of SARS-CoV-2 antibody and cellular responses among SOT after 6 month

Gender: female. * Reference symptoms: asymptomatic. OR = Odds Ratio; Uni.=Univariate analysis; M

IgG-Spike IgG-Nucleoprotein IFN- IL2

Univ. OR 
(95% CI) 

Multiv. 
Univ. OR 
(95% CI) 

Multiv. OR 
(95% CI) 

Univ. OR 
(95% CI) 

Multiv. OR 
(95% CI) 

Univ. OR 
(95% CI) 

Multiv. OR 
(95% CI) 

U
(9

Time after 
Transplant 

(years) 

1.12  
(0.97-1.29); 

p=0.137
NA

1.16  
(1.01-1.35) 

P=0.034 

1.20  
(1.02-1.40) 

p=0.020 

1.21 
(1.03-1.43) 

p=0.021 

1.4 
(1.08-1.83) 

p=0.013 

1.05  
(0.96-1.16) 

p=0.239
NA (1

p

Age (years) 
1.01  

(0.95-1.06) 
p= 0.86

NA
0.98  

(0.94-1.03)  
p= 0.642

NA
1.05  

(0.99-1.10) 
p=0.078

1.07  
(0.99-1.15) 

p=0.086

1.08  
(1.02-1.15) 

p=0.007 

1.11 
 (1.02-1.21) 

p=0.008 
(1
p

Gender 
(M/F) 

1.01  
(0.22-4.53) 

p=0.98
NA

0.81  
(0.22-2.93) 

p=0.75
NA

0.45 
(0.10-0.92) 

p=0.291
NA

1.05  
(0.29-3.8) 
p=0.946

NA
0.5
03

Symptoms 
(YES/NO) 

20
(3.56-112.29) 

p=0.001 
NA

4.25  
(0.95-18.84) 

p=0.057 

7.17  
(1.13-45.48) 

p=0.037 

6.89  
(1.43-33.18) 

p=0.016 

39.57  
(1.83-611.07) 

p=0.018 

32
(3.48-294.2) 

p=0.002 

79.2 
 (4.44-1412.39) 

p=0.003 
(0.8

p
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