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Abstract
Assessment of cellular immunity to the SARS-CoV-2 coronavirus is of 

great interest in chronically immunosuppressed transplant recipients (Tr), 
who are predisposed to infections and vaccination failures. We evaluated 
CD154-expressing T-cells induced by spike (S) antigenic peptides in 204 
subjects-103 COVID-19 patients and 101 healthy unexposed subjects. S- 
reactive CD154+T-cell frequencies were a) higher in 42 healthy unexposed 
Tr who were sampled pre-pandemic, compared with healthy NT (p=0.02), 
b) lower in Tr COVID-19 patients compared with healthy Tr (p<0.0001) 
and were accompanied by lower S-reactive B-cell frequencies (p<0.05), c) 
lower in Tr with severe COVID-19 (p<0.0001), or COVID-19 requiring 
hospitalization (p<0.05), compared with healthy Tr. Among Tr with 
COVID-19, cytomegalovirus co-infection occurred in 34%; further, incidence 
of anti-receptor-binding-domain IgG (p=0.011) was lower compared with 
NT COVID-19 patients. Healthy unexposed Tr exhibit pre-existing T-cell 
immunity to SARS-CoV-2. COVID-19 impairs anti-S T-cell and antibody 
and predisposes to CMV co-infection in transplant recipients.

Keywords: Cell-Mediated Immunity (CMI); SARS-CoV-2; Transplant 
recipients; Monocytic- and Polymorphonuclear-MDSC

Introduction
In chronically immunosuppressed transplant recipients (Tr), the status of 

immunity to SARS-CoV-2 is of great interest. This population is prone to life-
threatening consequences of viral infection and failure of vaccination during 
periods marked by use of high- dose immunosuppression [1]. Lifelong use of 
anti-rejection immunosuppressants contributes to this impairment and may 
also limit post-infectious and post-vaccination immunity to SARS-CoV-2 
[2,3]. Although antibodies can be demonstrated after natural SARS-CoV-2 
infection and vaccination in the general population, this information is not as 
plentiful for Tr recipients [4-11]. Pre- existing T-cells that recognize SARS-
CoV-2 are another component of immunity to this virus [12-15]. This type of 
immunity arises from prior exposure to human coronaviruses (hCoV), which 
account for 15% of seasonal flu and have structural similarities to SARS-
CoV-2 [16,17]. Pre-existing cellular immunity may also compensate for 
impaired antibody responses to SARS-CoV-2 infection and vaccination, and 
aid in combating variant strains that are starting to emerge. T-cell immunity 
may also reassure those individuals wishing to re-engage with the general 
public, but who are unable to tolerate vaccination or fail to achieve a durable 
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the reference laboratory (Plexision, Pittsburgh, PA). Healthy 
unexposed subjects, H-NT and H-Tr were tested using 
samples that were either obtained pre-pandemic, in 2019 or 
earlier, or were tested after confirming absence of symptoms 
suggestive of flu-like symptoms in the 6-month period prior 
to testing and a negative test for IgG to S and RBD antigens. 
COVID-19 patients, Tr or NT, were tested with samples 
obtained after  confirmation of diagnosis with PCR.

Measuring SARS-CoV-2-reactive T-cell and B-cell 
subsets: All PBL samples were cultured alone (background), 
with 315 15-mer overlapping peptides with 11-mer overlap 
representing the 1273 amino acid spike antigen (test reaction), 
and with phorbol-myristic acid-Calcium ionophor (PMA, 
positive control) for 16 hours at 370C in 5% CO2 incubator. 
The peptide mixture consisted of two components mixed 
in equal parts-158 peptides representing the less conserved 
N-terminal sequence, S1, and 157 peptides representing the 
more conserved C-terminal sequence, S2, of the spike protein 
(JPT Peptides, Berlin, Germany). The S1 and S2 sequences 
respectively have 64% and 90% sequence homology with 
the SARS virus [21]. We used S-derived 1μg per stimulation 
condition for S1 and S2 respectively. For the S antigenic 
peptide mixtures, 1μg of S1 and 1μg of S2 were mixed to 
create the antigenic mixture. The culture medium contained 
fluorochrome-labeled antibody to CD154 (catalog #563886, 
BD Biosciences, San Jose, CA). Cells were acquired on the 
FACS-Canto II flow cytometer with blue, red and violet 
lasers after addition of fluorochrome labeled antibodies 
to CD3, CD4, CD8, and CD19 and the viability dye 
7-aminoactinomycin-D (catalog #s 340662, 641407, 340692, 
341103, 559925, respectively, BD Biosciences, San Jose, 
CA). The gating strategy is shown in figure S1. Scatterplots 
acquired from assay reaction conditions for CD3, CD4, CD8 
and CD19 cells are shown in figure S1. Frequencies for each 
subset which were reactive to the S peptide mixture were 
analyzed further after subtracting corresponding background 
frequencies.

CMV- and mitogen-reactive T-cells: Previously 
described methods were used to measure frequencies of 
CMV- specific T-cells and mitogen-reactive T-cells that 
expressed CD154 in response to stimulation with the pp65-
CMV antigenic peptides and PMA, respectively [18].

Serological assay to detect SARS-CoV-2 antibody: 
96-well microtiter plates were coated overnight at 40C with 
commercially available S-protein (Cat # 46328, LakePharma, 
San Carlos, CA,) at 2 ug/ml, and blocked for 1hr with PBS-
Tween + 3% milk powder (weight/volume). Precoated wells 
were incubated with diluted samples for 2 hours, followed 
by anti-human IgG (Fab specific) HRP labeled secondary 
antibody 1:3000 in PBS-T containing 1% milk for 1 hour. 
After adding substrate (OPD solution), followed by 50μl of 

antibody response. Pre-existing cellular immunity to SARS-
CoV-2 has been demonstrated in non-transplanted subjects 
(NT), but is not as well characterized in Tr recipients [12-15].

Recently proposed assays which measure T-cell immunity 
to SARS-CoV-2 may need to be modified to characterize 
T-cell immunity in Tr recipients. Some assays stimulate 
T-cells with those peptides representing the spike protein S, 
which have high affinity to well represented HLA specificities 
in a given population [13,14]. Such peptide mixtures can 
potentially overstimulate T-cells from individuals with these 
HLA specificities, but not T-cells from underrepresented 
individuals. Other assays also use the co-stimulators, anti-
CD28 alone, or with anti-CD49d [12,14]. These adjunctive 
stimuli can also lead to an overestimate of T-cell immunity. 
Clinical decisions founded on such overestimates can 
be falsely reassuring in chronically immunosuppressed 
patients, and lead to errors in clinical judgement with adverse 
consequences. Some assays also use cytotoxic intracellular 
staining procedures, or only count those cells which co-
express multiple markers as antigen-reactive. Because such 
“polyfunctional” T-cells are low frequency events, multi-
marker assays require large numbers of cells from individuals 
with COVID-19, who can be severely lymphopenic. Another 
challenge is extrapolating findings from these early studies 
which use high affinity S antigenic peptides and costimulators, 
and most of which have been performed in NT subjects, who 
were convalescing or were not critically ill, to Tr recipients. 
These convalescent and non-critically ill immunocompetent 
subjects with COVID-19 demonstrated higher frequencies of 
S-reactive T-cells compared with those who were critically 
ill [12-15]. 

A clinically usable test design is exemplified by assays 
to measure T-cell response to cytomegalovirus (CMV). 
These assays use unselected peptide mixtures representing 
the entire antigenic sequence of interest, a single activation 
marker, and no costimulators [16-20]. Here, we use a minimal 
marker assay to characterize S-reactive T- and B-cells in 
healthy unexposed subjects and COVID-19 patients most of 
whom were hospitalized, with an emphasis on chronically 
immunosuppressed solid organ Tr recipients. A sizeable 
cohort of NT subjects is also included to enable robust 
conclusions and comparisons. 

Methods
Human Subjects: COVID-19 patients were enrolled 

under IRB-approved protocols 2017-0365, Pro00101915, 
and 1551551 respectively, at three centers in Washington, 
DC, Charleston, SC, and Edinburg, TX, respectively. De-
identified residual cryopreserved PBL samples were tested 
under IRB-exempt protocol, and samples from healthy-NT 
subjects were tested under IRB approved protocol 6774 in 
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3M hydrochloric acid to stop the reaction, plates were read at 
490 nm on a spectrophotometer. With all samples, inactivated 
human AB serum was used as a negative control, while 
monoclonal antibody CR3022 was used as a positive control. 
Results were read on a plate reader as optical density at 490 
nm. An optical density of 0.45 or greater was considered a 
positive test as reported earlier [22].

Myeloid-derived suppressor cells (MDSC): MDSC 
represent early lineage cells that cause T-cell suppression and 
develop in response to lymphopenia and the inflammatory 
response to the viral infection [23-25]. Fluorochrome-labeled 
antibodies to the respective markers for each cell were used 
to characterize monocytic- and polymorphonuclear-MDSC 
(M-MDSC and P-MDSC). The respective phenotypes were 
CD14+HLADR- and CD15+CD14-CD11b+ [25]. Antibodies 
used were from Biolegend (Cat #307618,301906,301306, 
San Diego, CA) or BD Biosciences (Cat #563743, San Jose, 
CA).      

Statistical methods: Descriptive statistics were used to 
summarize group features. Between group comparisons were 
performed with t-tests for unadjusted data and linear models 
to adjust for demographic variables.

Results
Human Subjects: Of 204 total subjects, 101 were healthy 

subjects, H-Tr or H-NT, and 103 had been recently diagnosed 
with COVID-19, Tr or NT. The 204 subjects included 74 Tr 
recipients, of whom 42 were sampled pre-pandemic in 2019 
or earlier, and 32 had COVID-19. Of 130 NT subjects, 59 
were H-NT subjects of whom twenty-five were sampled pre-
pandemic and thirty-four were negative for COVID-19 by 

antibody testing. Seventy-one NT subjects had COVID-19. 
Compared with healthy unexposed subjects, COVID-19 
patients were predominantly non-Caucasian (38/101 vs 
83/103 non-Caucasians, p<0.001) males (47/101 vs 60/103 
males, p=NS) and were significantly older (41 vs 54 years, 
p=7.7E-06). General demographics for all 204 subjects 
are summarized in table 1. Details including treatment and 
outcomes for COVID-19 patients are shown in table S1. 
The COVID-19 cohort was notable for 12 patients with mild 
disease (12%), and 33 (32%) with severe disease requiring 
mechanical ventilation. Among the severely ill, 23 or 70% 
died.

S-reactive T-cells and B-cells co-express IFNγ and 
interleukin-6 (IL-6): We established that CD154 is co-
expressed with IFNγ, a marker of cytotoxic T-cells, in PBL 
from 5 healthy human subjects, stimulated overnight with 
the S peptide mixture (Figure 1, Supplementary figure S2). 
Median (range) frequencies of S-reactive T-cells that co-
expressed both markers were 3.1% (1.1-10.3), and greatly 
exceeded S-reactive T-cells that expressed either CD154, 
0.2% (0.1-0.2) or IFNγ, 0% (0-0.1), respectively. Because 
nearly all S-reactive IFNγ+T-cells co-express CD154, using 
the single marker CD154 would overestimate S-reactive 
T-cells by 0.2% divided by the sum of 0.2% and 3.1% times 
100, or 6%. Similarly, in four patients with COVID-19, 
S-reactive 196 CD154+IFNγ+T-cells were 0.74% (0.48-
0.93), and greatly exceeded CD154+T-cells, 0.03% (0-197 
0.08) or IFNγ+T-cells 0% (0-0) respectively (Figure 1). 
Because all S-reactive IFNγ+T-cells co-express CD154, 
using the single marker CD154 in patients with COVID-19 
would overestimate S-reactive T-cells by 3.9%. In three 
healthy human subjects, median (range) frequencies of 

  H-NT H-Tr NT Tr p value
N 59 42 71 32 H-NT vs H-Tr NT vs Tr H-NT vs NT H-Tr vs Tr
Age (Years) 44 ± 2.1 43 ± 3.9 57 ± 2.0 51.1 ± 4.0  NS   NS   <0.05  NS  

Age range 18 - 78 1.5 - 70.2 24 - 87 0.56 - 77       

Male: Female 22:37 25:17 39:32 21:11   NS  NS    NS   NS  

Race (C:AA:H:A) 37:9:0:13 26:13:2:1 12:4:54:1 8:11:11:2  NS   <0.05   <0.05  <0.05  

Organ (L:K:LK) NA 25:17:0 NA 21:9:2  NA  NA   NA     NS  

Alive:Dead 59:0 42:0 53:18 27:5  NA   NS   NA    NA   
Disease Severity 
(Intub:Hosp:Mild) 
Convalescent Plasma

NA NA 21:40:10 12:18:2   NA NS     NA   NA   

NA NA  50 4  NA   <0.05  NA   NA   

Days from Dx 8 ± 2  6.5 ± 2.3 NA NS NA   NA  

Range (Days from Dx)     0 to 94 days  2 to 50 days        

Abbreviations: H-Tr: Healthy transplant, H-NT: healthy non-transplant, Tr-transplant recipients with COVID-19, NT-non-transplant patient with 
COVID-19, C: Caucasian, AA: African American, H: Hispanic, A: Asian, L: Liver transplant, K: Kidney transplant and LK: Liver-Kidney Transplant, 
Intub: Intubation, Hosp: Hospitalized, Mild: Mild, Dx: Diagnosis.

Table 1: General demographics of the study population.
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Figure 1: Flow cytometry scatterplots show a) expression of CD154 and IFNγ in S-reactive and PMA-reactive T-cells. Majority of IFNγ+ 
CD3 cells co-express CD154, Minimum and Maximum bar diagram are shown for b) healthy controls (n=5) and c). COVID-19 subjects (n=4). 
PMA=phorbol-myristic acid, a mitogen

Figure 2: a. Flow cytometry scatterplots S-reactive CD3 cells in a representative healthy-transplant, healthy-non-transplant, Mild COVID-19, 
COVID-19 hospitalized (Hosp), and COVID-19 subject intubated for mechanical ventilation. b. Dot plots show frequencies of S-reactive 
T-cells (CD3) in healthy-transplant (H-Tr), COVID-19-transplant (Tr), healthy-non-transplant (H-NT) and COVID-19 non-transplant (NT) 
subjects. c-f. Dot plots show frequencies of S-reactive CD3 cells (c, e) and CD8 cells (d, f) in transplant (c, d) and non-transplant patients  
(e, f) with COVID-19 who have mild infection treated as outpatient, or are hospitalized or have severe infection. Corresponding frequencies 
from healthy transplant and non-transplant subjects are shown in each dot plot (* represents p:value <0.05).
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S-reactive B-cells that co-expressed IL-6 and CD154 were 
4.9% (4.7-13.1) and greatly exceeded B-cells that expressed 
either CD154, 0.4% (0.3-0.4) or IL-6, 0% (0-0), respectively 
(Figure S3). Because all S-reactive IL-6+B-cells co-express 
CD154, using the single marker CD154 would overestimate 
S-antigen reactive B-cells by 7.54%. Therefore, S-reactive 
T- and B-cells capture all S-antigen reactive IFNγ+T-cells, 
and IL-6+B-cells, respectively, and overestimate these cell 
types by 3.9-7.5% and were used to test all samples [18,26]. 
The non-permeabilizing surface staining methods also 
preserve cell counts which can decrease by 40-50% with cell 
permeabilizing techniques required to detect intracellular 
cytokines.

Reproducibility: S-reactive CD154-expressing CD3, 
CD4, CD8 and CD19 cells were measured in duplicate 
assays performed on the same day, before and after 7 days 
of cryopreservation in liquid nitrogen, and before and 
after overnight storage or overnight shipment at ambient 
temperature. Mean coefficient of variation between duplicate 
assays was 2-10.6% in these various conditions (Tables S2-
S5).

T- and B-cell responses to spike antigens are impaired 
with COVID-19 and increasing disease severity: 
Frequencies of S-reactive CD3, CD4, CD8 and CD19 B-cells 
were lower in 32 Tr recipients with COVID-19 compared 
with 42 H-Tr recipients (p<0.001) (Figure 2a-b, Table 
S6). S-reactive CD3 and S-reactive CD8 cell frequencies 
decreased progressively with increasing COVID-19 severity 
in Tr patients with COVID-19. This decrease achieved 
significance for hospitalized recipients and those with 
severe COVID-19, compared with healthy-Tr subjects 
(Figure 2c-d). S-reactive T-cell frequencies in Tr patients 
with mild COVID-19 were similar to those in healthy-Tr 
recipients (p=NS). NT patients with COVID-19 did not show 

statistically significant differences in the frequencies of the 
various S-reactive cells, compared with healthy-NT subjects. 
The sole exception consisted of lower S-reactive CD3 cells 
in NT patients with COVID-19, compared with healthy-NT 
subjects, p=0.045 (Figure 2e-f).

Conserved spike protein sequences have a larger 
contribution to SARS-CoV-2- specific T- and B-cell 
responses: Subsets of samples in from Tr and NT subjects 
were also stimulated with peptide mixtures representing the 
conserved C-terminal S2, and less conserved N-terminal S1 
antigen. These subsets of samples were obtained from 63 
of 74 Tr subjects and 104 out of 130 non-transplant (NT) 
subjects. In pairwise comparisons, frequencies of most 
S2-reactive CD154-expressing CD3, CD4, CD8 or CD19 
cells were significantly higher in healthy-T and healthy-NT 
subjects compared with COVID-19 NT and COVID-19-T 
subjects (Table S7). Stimulation with the S1 peptide mixture 
elicited low frequency responses <1% or no responses in 
most samples. Despite this relative non-reactivity toward the 
S1 antigen, stimulation with the S antigen, which consisted of 
the S1 and S2 peptide mixtures elicited a larger response to 
stimulation than with either S1 or S2 alone (Figure S4).

Impaired antibody response to RBD in COVID-19 
transplant patients: Of 74 COVID-19 patients with 
antibody measurements, 51 received convalescent plasma. 
IgG to spike antigen and RBD antigen were present in 49 of 
51 (96%) and 47 of 51 (92%) patients, respectively. These 
subjects were excluded from analysis of humoral immunity. 
Among the remaining 23 patients who did not receive 
convalescent plasma, IgG to spike and RBD antigens were 
present in 21 (91%) and 16 (69.5%) patients, respectively. 
The incidence of anti-RBD IgG was significantly lower in 
transplant patients with COVID-19, 2 of 7 or 29%, compared 
with non- transplant patients, 14 of 16 or 88% (p=0.011) 

Figure 3: Optical density at 490 nm (OD490) for (a) Anti-RBD IgG and (b) Anti-spike IgG in transplant (Tr) and non-transplant (NT) patients 
with COVID-19. Dotted lines show the OD490 cutoff of 0.45 above which the tests are deemed positive. (c) S-reactive B-cell frequencies in 
healthy-NT, healthy-T and T and NT patients with COVID-19. (* represents p:value <0.05).
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(Figure 3a). No differences were seen in the incidence of anti-
spike IgG (5/7 or 71% vs 16/16 or 100%, p=NS) (Figure 3b). 
Subjects without and with anti-RBD antibody did not differ in 
timing of the sample from diagnosis (mean+/-SD 252 18+/-
12.5 vs 12+/-12, p=0.258, NS, respectively), frequencies 
of S-reactive T-cells (mean 3.1+/-253 2.4% vs 1.8+/2%, 
p=0.225, NS, respectively), or proportions of patients 
requiring intubation (2/7 254 or 29% vs 4/16 or 25%, p=1.00, 
NS, respectively. S-reactive B-cell frequencies were also 
significantly lower in Tr and NT patients with COVID-19, 
compared with corresponding healthy subjects (Figure 3c).

Increased risk of CMV co-infection in transplant 
recipients: Of 32 Tr recipients with COVID-19, 11 (34%) 
experienced CMV infection-10 had CMV viremia and one 
had CMV hepatitis. To ascertain the basis of increased CMV 
risk, we measured frequencies of CMV-specific T-cells which 
express CD154 after stimulation with the pp65 antigenic 
peptide mixture in 61 subjects, as described previously [18]. 
CMV viremia is associated with decreased CMV-specific 
T-cell frequencies. Consistent with this known association, 

CMV-specific T-cell frequencies were significantly lower in 
16 Tr recipients with COVID-19 compared with 13 healthy 
Tr recipients (0.5+/-0.4% vs 1.5+/-0.5%, p=3E-05, Figure 
4a). CMV-specific T-cell frequencies were not significantly 
different between 6 NT subjects without and 26 NT subjects 
with COVID-19 (p=0.21, NS, Figure 4b). CMV infection did 
not occur in NT patients with COVID-19.

Increased circulating myeloid-derived suppressor 
cells (MDSC) during COVID-19: Twenty-four healthy and 
29 COVID-19 patients were tested for circulating MDSCs. 
MDSC can suppress T-cells and are known to increase 
during viral infections. COVID-19 patients demonstrated 
higher frequencies of monocytic or M-MDSC (CD14+HLA-
DR-) compared with healthy subjects (Median ± SEM, 39 ± 
7.8% vs 2.95 ± 1.1%, p= 9.8 E-08) (Figure 4c). M-MDSC 
frequencies correlated negatively with S-reactive T-cell 
frequencies (Spearman’s r = -0.276, p= 0.045 Figure 4d). 
Polymorphonuclear or P-MDSC (CD15+CD14-CD11b+) 
frequencies were also higher in four COVID-19 subjects 
compared with 22 healthy subjects (median ± SEM, 64.2 ± 

Figure 4: a. Dot plot shows CMV-specific T-cell frequencies among healthy transplant (H-Tr), healthy non-transplant (HNT), and COVID-19 
patients with transplant (Tr) and without transplant (NT). b. frequencies of monocytic myeloid-derived suppressor cells (MDSC) in healthy 
unexposed subjects and COVID-19 patients. c. Correlation between frequencies of S-reactive CD154+T-cells and monocytic MDSC.  
(* represents p:value <0.05).
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19.4% vs 1.25 ± 1.4%, p= 0.059, NS), and were negatively 
correlated with S-reactive T-cell frequencies (Spearman’s r = 
-0.518, p= 0.007).

Discussion
Our study found that S-reactive T-cells are present in pre-

pandemic PBL samples from chronically immunosuppressed 
transplanted (Tr) recipients. This type of pre-existing T-cell 
immunity has been reported previously in the general 
population and is also seen in our study population of healthy 
NT subjects [12-15]. Experimental evidence from previous 
studies implicates prior exposure to structurally similar 
human coronaviruses, which cause seasonal flu [16,17]. 
We speculate that this explanation also applies to our Tr 
recipient cohort. Unlike some previous studies, however, we 
observed lower S-reactive T-cell frequencies in COVID-19 
patients compared with healthy unexposed individuals. 
This decrease was significant and most pronounced for Tr 
patients with COVID-19 compared with controls (Figure 2b-
d). Further, compared with healthy-Tr subjects, Tr patients 
with COVID-19 also demonstrated a progressive decline in 
S-reactive T-cell frequencies with increasing disease severity, 
from hospitalization (p<0.05) to severe disease requiring 
intubation (p<0.0001). S-reactive T-cell frequencies in Tr 
patients with mild symptoms were in the same range as healthy 
unexposed Tr subjects (p=NS). S-reactive CD8 cells also 
demonstrated a similar disease-severity-dependent decline 
among Tr patients with COVID-19 (Figure 2d). Among NT 
patients with COVID-19, the decrease in S-reactive CD3 
cell frequencies only achieved significance in those with  
severe COVID-19, compared with those without COVID-19 
(Figure 2e).

Unlike previous studies, the majority of our COVID-19 
patients, 91 of 103 or 88%, were hospitalized 58 without and 
33 with severe disease requiring intubation for respiratory 
failure. Twenty three of 33 severely ill patients died. This 
distribution represents a more severely affected COVID-19 
cohort and may explain lower mean T-cell frequencies in 
infected patients compared with those who were healthy. 
Loss of T-cell immunity to the virus has been observed in 
critically ill patients in some previous studies [12]. Previous 
reports have also shown higher S-reactive T-cell frequencies 
in convalescent patients compared with unexposed subjects 
[12-15]. These higher responses may be unique to the 
convalescent phase. Another reason for the higher T-cell 
responses in COVID-19 in some previous studies may 
be the use of peptides with high affinity for selected HLA 
specificities, with or without adjunctive co-stimulators. 
This approach may have elicited larger T-cell responses 
from memory subsets. Our study patients were sampled at 
an average interval of 12 days after diagnosis of COVID-19 

and assayed using unselected peptide stimulators, without 
adjunctive co-stimulators. 

In previous studies, S-reactive T-cell frequencies 
averaging <1% have been observed in healthy unexposed 
subjects, compared with roughly 3% in our studies [12-15]. 
Some of these studies counted S-reactive T-cells as those that 
co-expressed marker combinations like CD137 and CD69 but 
excluded S-reactive T-cells that expressed either marker alone, 
potentially underestimating viral antigen-specific T-cells 
[12,13]. For reasons stated in previous sections, we have 
modeled our assay on clinical assays which measure antiviral 
T-cell immunity by employing a single marker. S-reactive 
T-cell frequencies averaging 3% in our healthy unexposed 
subjects have also been observed among proliferating 
S-reactive T-cells in a previous study [14]. We cannot fully 
explain higher average frequencies in healthy unexposed Tr 
compared with NT subjects (mean 3.1 vs 4.2 %, p=0.042, 
Table S6). However, extended exvivo exposure of normal 
human PBL to pro-apoptotic anti-lymphocyte antibodies 
enriches apoptosis-resistant alloantigen-reactive CD154+T-
cells among surviving PBL [27]. Thus, it is possible that 
exposure of T-cells to chronic immunosuppression may have 
contributed to an enrichment of S-reactive T-cells in PBL 
from Tr recipients. 

The Tr recipient cohort with COVID-19 was noteworthy 
for CMV co-infection presenting as viremia in 10, and CMV 
hepatitis in one recipient for an incidence of 34%. CMV 
infection occurred at a median of 22 days (range 1-104 days) 
after diagnosis of COVID-19. Transplant recipients with 
COVID-19 also demonstrated lower frequencies of CMV-
specific T-cells compared with NT COVID-19 patients, 0.4 
± 0.1 vs 0.85 ± 0.24, p=0.0048. Consistent with a lack of 
such differences in NT subjects, no CMV co-infections were 
reported in NT patients with COVID-19. 

Of great interest is the observation that Tr recipients also 
demonstrated a lower incidence of IgG antibodies to the 
RBD component of the S protein after COVID-19 compared 
with NT recipients. These observations are consistent with 
impaired antibody response to COVID-19 vaccination in 
transplant patients [1]. The incidence of anti-S IgG antibodies 
was similar between the T and NT groups. The RBD 
sequence is a component of the less conserved N-terminal 
S1 sequence of the SARS-CoV-2 spike protein. The S1 
protein has 60% sequence similarity to hCoV. As such, the 
RBD sequence may be less immunogenic when presented 
to the host immune system for the first time, compared with 
the more conserved C-terminal S2 sequence, which has 80% 
homology with hCoV. Test positivity was based on an OD490 
of 0.45 or greater in the ELISA antibody binding assay. The 
amount of IgG antibody reflected by OD490 readings was 
also lower in Tr compared with NT patients for anti-spike 
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IgG (p=0.16, NS) achieving significance for anti-RBD IgG 
(p<0.001) (Figure 3).

Suppressed cellular and antibody responses in Tr 
recipients may have other reasons. Recent studies have 
revealed increased circulating myeloid derived suppressor 
cells (MDSC), pyroptotic cell death and lymphopenia in 
COVID-19 patients [28-32]. MDSC are myeloid progenitors 
that expand in peripheral blood in response to lymphopenia 
and are known to suppress T-cells. Frequencies of monocytic 
and polymorphonuclear MDSC were higher in COVID-19 
patients compared with healthy unexposed subjects. The 
associated decrease in S-reactive T-cells is reflected in 
significant negative correlations between S-reactive T-cells 
and MDSC.

It is noteworthy that T- and B-cell responses to the 
conserved S2 spike antigen more closely mirror responses to 
the entire spike protein in magnitude and predictive potential. 
Responses to the less conserved S1 protein were minimal or 
absent in healthy and COVID-19 patients. Possible reasons 
include a less immunogenic S1 sequence, or a slowly 
developing memory T-cell response to a SARS-CoV-2-
specific antigen. Supportive evidence includes a lower 
incidence of IgG to RBD, a component of the S1 sequence, 
among chronically immunosuppressed transplant recipients. 
A possible explanation is that SARS-CoV-2 suppresses the 
antiviral T-cell response as evidenced by a simultaneous 
decrease in cellular immune response to CMV early after 
COVID-19. This suppression may occur via the induction 
of myeloid-derived suppressor cells which can suppress 
T-cells [29,30]. Longitudinal studies are needed to assess 
the relative role of cellular and humoral immunity to SARS-
CoV-2 antigens at various intervals after natural infection and 
vaccination, especially among immunosuppressed patients.

In conclusion, transplant recipients demonstrate pre-
existing T-cell immunity to SARS-CoV-2 as observed in 
the general population. Unique attributes of COVID-19 in 
transplant recipients include a) impaired T-cell immunity to 
SARS-CoV-2, to the greatest degree in those with increasing 
disease-severity, b) increased risk for CMV co-infection, and 
c) impaired antibody responses. Surveillance of CMV viral 
loads during COVID-19, and post-vaccination surveillance 
of antibody responses to confirm vaccine efficacy may be 
necessary in transplant recipients.
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Figure S1.  

Figure S1. Flow cytometric gating strategy shows derivation of CD3+ T-cells and CD19+ B-cells from the lymphocyte population. CD4 and 
CD8 T-cells were than gated from CD3+ T-cells. Scatterplots show CD3, CD4, CD8 and CD19 cells that express CD154 when incubated alone 
(background), with spike antigen (test reaction) and PMA - Calcium ionophore (positive 558 control). The negative control reaction shows 
autofluorescence in the absence of fluorochrome-labeled CD154 antibody.
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Figure S2. Co-expression of CD154 and IFN gamma in CD4 and CD8 cells stimulated with Spike 
antigen of SARS-COV-2 and the mitogen PMA. 
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Figure S3: Flow cytometry scatterplots show expression of CD154 
and IL-6 in S-reactive and PMA-reactive B-cells. PMA=phorbol-
myristic acid, a mitogen. 
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Figure S4: Bar diagrams show mean+/-SEM frequencies of 
S-reactive, S2-reactive and S1-568 reactive CD3, CD4, CD8 
and CD19 cell in COVID-19-NT, COVID-19-T, healthy-NT and 
healthy-569 T subjects. 
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Table S1: Demographics, treatment and outcomes of 66 patients with COVID-19 infection. Type (Tr= Transplant, NT= No-Transplant), 
Race (C=Caucasian, AA=African American, H=Hispanic, A=Asian), Status (A=Alive, D=Dead), Plasma treatment (N=No, Y=Yes), 
Dexamethasone / Prednisone. Dexamethasone is given as part of the COVID- 19 treatment regime, Prednisone is given to transplant patients 
as part of maintenance immunosuppression.

NT C 47 F 18 Intubated D Y Dexamethasone
NT H 61 M 14 Intubated D Y Dexamethasone
NT H 63 F 26 Intubated D Y Dexamethasone
NT H 44 F 21 Intubated D Y Dexamethasone
NT H 59 M 0 Intubated A Y Dexamethasone
NT H 48 F 22 Intubated D Y Dexamethasone
NT H 69 M 6 Intubated D Y Dexamethasone
NT H 74 M 88 Intubated D Y Dexamethasone
NT H 71 M 4 Intubated A Y Dexamethasone
NT H 61 M 18 Intubated D Y Dexamethasone
NT H 67 M 17 Intubated D Y None

NT H 57 M 14 Intubated D Y N

NT H 45 M 15 Intubated D Y N

NT H 53 M 29 Intubated D Y N

NT H 58 F 26 Intubated D Y N

NT H 70 F 16 Intubated D Y N

NT H 70 M 19 Intubated D Y N

NT AA 24 F 2 Intubated D N N

NT H 57 F 14 Intubated D Y N

NT H 77 F 4 Intubated A Y N

NT H 54 F 5 Intubated A Y N

NT H 30 M 1 Hospitalized A N Dexamethasone

NT H 47 M 30 Hospitalized A N Dexamethasone

NT H 32 M 3 Hospitalized A Y Dexamethasone

NT H 34 F 11 Hospitalized A Y Dexamethasone

NT H 44 F 2 Hospitalized A Y Dexamethasone

NT H 56 M 5 Hospitalized A Y Dexamethasone

NT H 24 M 7 Hospitalized A Y Dexamethasone

NT H 55 M 4 Hospitalized A Y Dexamethasone

NT H 35 F 11 Hospitalized A Y Dexamethasone

NT H 51 M 8 Hospitalized A Y Dexamethasone

NT H 68 M 3 Hospitalized A Y Dexamethasone

NT H 65 F 5 Hospitalized A Y Dexamethasone

NT H 87 F 6 Hospitalized A Y Dexamethasone

NT H 35 F 0 Hospitalized A Y Dexamethasone

NT H 70 M 1 Hospitalized A Y Dexamethasone

NT H 79 M 0 Hospitalized A Y Dexamethasone

NT H 83 M 0 Hospitalized A Y Dexamethasone

NT H 72 M 0 Hospitalized A Y Dexamethasone

NT H 75 F 0 Hospitalized A Y Dexamethasone

NT H 69 M 0 Hospitalized A Y Dexamethasone
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NT H 50 M 0 Hospitalized A Y Dexamethasone

NT C 51 F 94 Hospitalized A Y Dexamethasone

NT H 74 M 3 Hospitalized A Y Dexamethasone

NT H 65 M 27 Hospitalized A Y Dexamethasone

NT H 87 F 8 Hospitalized A Y Dexamethasone

NT C 72 F 4 Hospitalized A Y Dexamethasone

NT H 65 F 1 Hospitalized A Y Dexamethasone

NT H 73 M 2 Hospitalized A Y Dexamethasone

NT H 49 F 2 Hospitalized A N None

NT H 78 M 8 Hospitalized A N None

NT H 65 M 1 Hospitalized D Y None

NT H 33 M 28 Hospitalized A Y None

NT H 52 M 27 Hospitalized A Y None

NT AA 63 F 2 Hospitalized A N None

NT AA 69 M 2 Hospitalized A N None

NT H 78 F 3 Hospitalized A N None

NT H 66 F 1 Hospitalized A N None

NT H 69 M 0 Hospitalized A N None

NT H 53 F 9 Hospitalized A Y None

NT AA 65 M 2 Hospitalized A N Dexamethasone

NT C 46 M 18 Mild/Asymp A N None

NT A 32 M 16 Mild/Asymp A N None

NT C 36 M 14 Mild/Asymp A N None

NT C 26 F 14 Mild/Asymp A N None

NT C 39 M 16 Mild/Asymp A N None

NT C 25 F 18 Mild/Asymp A N None

NT C 28 F 16 Mild/Asymp A N None

NT C 25 F 24 Mild/Asymp A N None

NT C 51 F 26 Mild/Asymp A N None

NT C 38 F 21 Mild/Asymp A N None

Tr AA 53 M 2 Intubated A N Prednisone

Tr H 76 M 14 Intubated A y Prednisone

Tr H 58 M 29 Intubated A N Prednisone

Tr H 45 M 4 Intubated A N Prednisone

Tr AA 43 F 4 Intubated A N Prednisone

Tr C 75 F 4 Intubated A N Prednisone

Tr C 63 M 26 Intubated A N Prednisone

Tr C 68 M 7 Intubated D N Prednisone

Tr AA 44 F 19 Intubated D N Prednisone

Tr C 73 M 23 Intubated D N Prednisone

Tr C 46 M 43 Intubated D N Prednisone

Tr H 62 M 17 Intubated D Y Prednisone

Tr AA 72 M 26 Hospitalized A N Prednisone

Tr H 75 M 5 Hospitalized A N Prednisone

Tr AA 77 F 11 Hospitalized A N Prednisone
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Table S2: Summary of variation in CD154+PBL subsets (CD3, 
CD4, CD8, CD19) measured in same-day duplicate testing of five 
PBL samples in response to spike protein (upper half of table) and 
PMA stimulation (lower half of table). Variation is measured as the 
coefficient of variation (CV %).

 
Table S4: Summary of variation in CD154+PBL subsets (CD3, 
CD4, CD8, CD19) measured in five PBL samples tested on the day 
of phlebotomy and after overnight storage at room temperature. All 
samples were stimulated with spike protein (upper half of table) and 
PMA (lower half of table). Variation is measured as the coefficient 
of variation (CV %).

 
Table S3: Summary of variation in CD154+PBL subsets (CD3, 
CD4, CD8, CD19) measured in five PBL samples tested on the day 
of phlebotomy and after cryopreservation for 7 days. All samples 
were stimulated with spike protein (upper half of table) and PMA 
(lower half of table). Variation is measured as the coefficient of 
variation (CV %).

 
Table S5: Summary of variation in CD154+PBL subsets (CD3, 
CD4, CD8, CD19) measured in five PBL samples tested on the day 
of phlebotomy and after overnight shipment at ambient temperature. 
All samples were stimulated with spike protein (upper half of 
table) and PMA (lower half of table). Variation is measured as the 
coefficient of variation (CV %).

Tr C 41 M 2 Hospitalized A N Prednisone
Tr H 15 M 3 Hospitalized A N Prednisone
Tr H 67 F 14 Hospitalized A N Prednisone
Tr C 75 F 9 Hospitalized A N Prednisone
Tr AA 33 F 5 Hospitalized A N Prednisone
Tr AA 44 M 5 Hospitalized A N Prednisone
Tr AA 64 F 2 Hospitalized A N Prednisone
Tr C 51 F 2 Hospitalized A N Prednisone
Tr AA 43 M 2 Hospitalized A N Prednisone
Tr H 39 M 11 Hospitalized A N Prednisone
Tr AA 68 M 32 Hospitalized A N Prednisone
Tr AA 31 M 6 Hospitalized A N Prednisone
Tr A 1 M 3 Hospitalized A N None
Tr H 51 F 5 Hospitalized A Y Prednisone
Tr H 7 F 3 Hospitalized A Y None
Tr H 1 M 50 Mild/Asymp A N Prednisone
Tr A 17 M 30 Mild/Asymp A N Prednisone
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Antigen Comparison Statistic CD3 CD4 CD8 CD19

S1 Healthy-NT vs Healthy-T Coefficient 0.002 -0.125 0.085 -0.062

S1 Healthy-NT vs Healthy-T p-value 0.993 0.712 0.738 0.626

S1 Healthy-NT v COVID-19-NT Coefficient 0.074 -0.013 0.052 0.087

S1 Healthy-NT v COVID-19-NT p-value 0.595 0.846 0.674 0.468

S1 Healthy-NT vs COVID-19-T Coefficient 0.132 -0.096 -0.15 0.037

S1 Healthy-NT vs COVID-19-T p-value 0.515 0.685 0.207 0.757

S1 Healthy-T vs COVID-19-NT Coefficient 0.064 0.027 0.077 0.116

S1 Healthy-T vs COVID-19-NT p-value 0.578 0.585 0.414 0.364

S1 Healthy-T vs COVID-19-T Coefficient 0.136 0.199 -0.088 0.165

S1 Healthy-T vs COVID-19-T p-value 0.56 0.294 0.318 0.195

S2 Healthy-NT vs Healthy-T Coefficient -0.006 -0.015 -0.008 -0.011

S2 Healthy-NT vs Healthy-T p-value 0.799 0.578 0.783 0.579

S2 Healthy-NT v COVID-19-NT Coefficient 0.078 0.096 0.085 0.073

S2 Healthy-NT v COVID-19-NT p-value 0.001 0 0.001 0

S2 Healthy-NT vs COVID-19-T Coefficient 0.06 0.068 0.075 0.057

S2 Healthy-NT vs COVID-19-T p-value 0.008 0.009 0.004 0.003

S2 Healthy-T vs COVID-19-NT Coefficient 0.153 0.155 0.102 0.098

S2 Healthy-T vs COVID-19-NT p-value 0 0 0.001 0

S2 Healthy-T vs COVID-19-T Coefficient 0.071 0.063 0.079 0.071

S2 Healthy-T vs COVID-19-T p-value 0.043 0.072 0.021 0.001

Table S7. Adjusted coefficients and p-values for comparisons of S1 and S2-reactive CD3, CD4, CD8 and CD19 cell frequencies, and memory 
and naïve (M, N) subsets of CD3, CD4 and CD8 cells between healthy non-transplant and transplant subjects (Healthy-NT, healthy-T), and 
COVID-19 non-transplant and transplant patients (COVID-19-NT, COVID-19-T). 

    CD3 CD4 CD8 CD19

Healthy-NT
   (N=59)
 

Mean 3.1 2.8 3.2 4.0

Median 2.6 2.3 3.0 3.1

SD 3.0 2.5 2.3 3.5

Healthy-Tr
 (N=42)
 

Mean 4.2 4.0 5.0 5.2

Median 4.2 3.8 4.8 5.0

SD 2.4 2.2 3.2 3.3

COVID-19-NT
    (N=71)
 

Mean 2.2 1.9 2.9 2.9

Median 1.5 1.3 1.9 2.3

SD 2.1 1.8 3.1 2.4

COVID-19-Tr
   (N=32)
 

Mean 1.8 1.8 2.2 2.5

Median 0.7 0.6 0.5 1.4

SD 2.6 2.5 3.1 3.4

p-value

H-NT vs H-Tr 0.0422 0.0147 0.0043 0.0755

H-NT vs NT 0.0437 0.0222 0.5310 0.0497

H-Tr vs Tr 0.0001 0.0002 0.0004 0.0010

Table S6. Summary data for mean and median frequencies of S-reactive CD154+PBL subsets.
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