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Abstract

COVID-19 is being extensively studied, and much remains unknown regarding the long-term
consequences of the disease on immune cells. The different arms of the immune system are
interlinked, with humoral responses and the production of high-affinity antibodies being
largely dependent on T cell immunity. Here, we longitudinally explored the effect COVID-19
has on T cell populations and the virus-specific T cells, as well as neutralizing antibody
responses, for 6-7 months following hospitalization. The CD8* TEMRA and exhausted
CD57*CD8* T cells were markedly affected with elevated levels that lasted long into
convalescence. Further, markers associated with T-cell activation were upregulated at the
inclusion, and in the case of CD69*CD4"* T cells this lasted all through the study duration. The
levels of T cells expressing negative immune checkpoint molecules were increased in COVID-
19 patients and sustained for a prolonged duration following recovery. Within 2-3 weeks after
symptom onset, all COVID-19 patients developed anti-nucleocapsid IgG and spike-neutralizing
IgG as well as SARS-CoV-2-specific T cell responses. In addition, we found alterations in
follicular T helper (TFH) cell populations, such as enhanced TFH-TH2 following recovery from
COVID-19. Our study revealed significant and long-term alterations in T cell populations and

key events associated with COVID-19 pathogenesis.
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Introduction

More than two years since initial reports of the disease, the COVID-19 pandemic has claimed
approximately six million lives world-wide leaving survivors with long-term health
consequences [1]. The etiologic agent, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) gains entry into host cells after binding to angiotensin-converting enzyme 2
(ACE2) and transmembrane protease, serine 2 (TMPRSS2) via the receptor binding domain
(RBD) of the viral spike (S) protein [2, 3]. While a vast majority of infected individuals remain
asymptomatic or pauci-symptomatic, severe and life-threatening disease occurs in 14% and
5-6% of cases, respectively [4]. Approximately 20% of all infected individuals, especially the
elderly and those with co-morbidities require hospitalization. In fatal cases of COVID-19, death
often occurs due to organizing pneumonia (OP), acute respiratory distress syndrome (ARDS)
or sepsis-like cytokine storm-associated multi-organ failure [5-7]. The hyperinflammation in
COVID-19 is caused by the activated inflammatory cells recruited in response to infection and
not by the virus per se [8-10]. Furthermore, the variations in initial host responses appear to

determine the varied disease spectrum observed in COVID-19 [11, 12].

Clearance of viral infection involves both cellular and humoral immune responses [13, 14].
Virus-specific CD4* and CD8* T cells are present in almost all individuals who have had a prior
episode of COVID-19 [15, 16], with lower numbers of these cells linked to disease severity [17-
19]. Furthermore, the rapid appearance of functional SARS-CoV-2-specific T cells is linked to
mild disease presentation [14]. The humoral immune response also plays a critical role in viral
clearance in the host. The SARS-CoV-2-specific antibody responses vary in levels, as well as
guality between asymptomatic individuals and those presenting with severe disease. While
some studies have found higher levels and longer duration in more severe cases, others have

reported no observable difference [20-26].
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Follicular helper T cells (TFH) are primarily defined as CXCR5, programmed cell death protein
1 (PD-1), and Bcl-6 expressing CD4* T cells. The frequency of circulating TFH cells is often low
during homeostasis and is believed to mirror their numbers in the germinal centers of
peripheral lymphoid organs, where they provide critical support to antigen-specific B cells to
facilitate the development of long-term and high-affinity antibodies [27-31]. Effects on
peripheral TFH cells have been documented in a few studies covering acute [32], mild [23],
and severe/fatal SARS-CoV-2 infections [16]. However, not many have followed the infected
population longitudinally [15, 33]. Peripheral TFH cells have been shown to be linked to
neutralizing antibodies (nAb) in diseases such as HIV-1 [34], and now SARS-CoV-2 [22, 25, 35].
Furthermore, individuals who have recovered from severe compared to non-severe COVID-19
reportedly have higher nAb titers and CXCR3* TFH cell frequencies, and faster recovery of

lymphocyte levels, a month after leaving the hospital [36].

Viral infections lead to the activation of T cells with upregulated expression of markers that
define early, i.e., CD69 and late, i.e., CD38/HLA-DR, activation [37, 38]. Activated CD4* and
CD8" T cells exist during active/ongoing COVID-19 and in certain individuals, even after
recovery, activated CD8* T cells persist for over 100 days [39]. A case study of mild COVID-19
reported activated CD38* HLA-DR* CD8* T cells at day 7, which surged to a peak at day 9 but
remained high even at day 20. Activated CD4* T cells were also present, but at lower levels
[16]. Many studies support the activation of T cells and B cell responses during the onset of
COVID-19 disease, but the infection also leads to transient immunosuppression, especially
during severe disease [40]. The expression of negative immune checkpoint molecules on CD8*
and CD4* T cells examined in 14 individuals with severe COVID-19 revealed an increased

abundance of PD-1 and TIM-3 levels in most severe COVID-19 cases [17]. In addition,
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exhausted T cells expressing CD57 and PD-1, with impaired proliferation, were found in

individuals with COVID-19 [41].

Itis clear that COVID-19 induces immune dysfunction and alterations within T cell populations,
and in light of this, we have longitudinally investigated the T cell profile of COVID-19 patients
over a 6-7 month period, to monitor the changes in dynamics and functional quality of T cell
responses. To further understand the immune responses elicited during SARS-CoV-2 infection,
we also explored its long-term consequences on B cell and antibody responses in the cohort.
We found an increase in TFH cells and alterations in TH1/TH2/TH17 TFH subsets that persisted
following recovery from COVID-19, and a consistent rise in the CD8* terminal effector memory
RA* (TEMRA) subset throughout the 6-7 months of the study. Further, markers associated with
T-cell activation were upregulated and different forms of T cell impairment were also evident

that lasted for a prolonged time following recovery from COVID-19.
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Materials and Methods

Study Design

The present study was approved by the Swedish Ethical Review Authority (Ethics No. 2020-
02580) and recruited hospitalized patients with COVID-19 (N=46; age range 32 - 91 years) and
healthy staff (N=31; age range 23 - 62 years) at the Infectious Diseases Clinic at the Vrinnevi
Hospital, Norrkdping, Sweden. The participants were >18-years-old male and female subjects
who provided written informed consent before enrollment. The study was carried out in
compliance with good clinical practices, including the International Conference on
Harmonization Guidelines and the Declaration of Helsinki. COVID-19 patients were enrolled
into the study during hospitalization and first blood samples were drawn, which was followed
by three additional samples collected at 2 weeks, 6 weeks, and 6-8 months, respectively after
inclusion (Figure 1). The clinical and demographic characteristics of the hospitalized COVID-19

cohort are summarized in Table 1.

Patient Characteristics

On enrollment, the COVID-19 patients were provided with an approved questionnaire to
secure details regarding COVID-19-associated symptoms prior to hospitalization, and smoking
habits. Relevant medical data for the study were collected from digital medical records and
included date of COVID-19 diagnosis, length of hospital stay, highest level of care received,
maximum need of oxygen supplementation (<5L/min or HFNOT/CPAP/mechanical
ventilation), details of COVID-19-related medication (anti-coagulants, remdesivir and/or
dexamethasone), current medication, underlying conditions (if any) such as cardiovascular
disease (CVD), chronic pulmonary disease, chronic renal failure, diabetes mellitus, and
immunosuppression. COVID-19 severity was determined in the hospitalized individuals as per

the criteria defined by the National Institutes of Health [42], i.e., approximated with respect
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to the maximum oxygen needed, and the highest level of care provided. Accordingly, the cases
were classified as having mild (pandemic department, no oxygen supplementation), moderate
(pandemic department, oxygen supplementation <5L/min), severe (pandemic department or
intermediate care unit, oxygen need >5L/min supplemented by HFNO or CPAP) and critical

(intensive care unit, with or without mechanical ventilation) COVID-19 illness.

Sera and Peripheral Blood Mononuclear Cells

Sera were prepared from venous whole blood collected in Vacuette® tubes (Freiner Bio-one
GnbH, Kremsmunster, Austria) by centrifugation at 1000 g for 10 minutes at room
temperature and stored at -80°C until further use. Peripheral blood mononuclear cells
(PBMCs) were isolated from the whole blood by Ficoll-Paque (GE Healthcare, ThermoFisher)
density gradient centrifugation. PBMCs were aliquoted in freezing medium (8% DMSO in FBS)

and cryopreserved at -150°C for later use in the experiments.

Flow Cytometry of Whole Blood

The levels of CD3* CD4* T cells and CD3* CD8* T cells/ul were measured using BD Trucount™
Tubes (BD Multitest™ 340491, BD Biosciences) with FITC-conjugated anti-CD3, PE-conjugated
anti-CD8, PerCP-conjugated anti-CD45 and APC-conjugated anti-CD4 antibodies
(BD Multitest™, 342417, BD Biosciences). Details of additional antibodies used for analysis of
T- and B-cell subpopulations are provided in Supplementary Table 1. Red blood cells in the
whole blood samples were lysed using a commercial BD FACS™ Lysing Solution (349202, BD
Biosciences). The samples were run/acquired on a FACScanto Il (BD Biosciences). Gating
strategies employed for flow cytometry investigations to analyze the cellular clinical

parameters are illustrated in Supplementary Figure 1.
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Spectral Flow Cytometry

Cryopreserved PBMCs were thawed, washed by centrifugation (1800 RPM, 6 min at 4°C),
resuspended in FACS buffer (PBS with 0.2%FCS) and counted. Cell density was adjusted to
1x10° cells/ml and added to the FACS tubes (Falcon® Brand, VWR). After pelleting, cells were
incubated with FcR blocking reagent (1/15 dilution, Miltenyi), ViaKrome 808 viability dye (1/50
dilution, Beckman Coulter) and CellBlox blocking buffer (1:30 dilution, ThermoFisher), for 20
mins at 4°C in the dark. After washing, the PBMCs were incubated with 30ul of antibody
cocktail (See Supplementary Table 2 for antibodies and conjugation) for 30 min at 4°C. The
PBMCs were washed again and resuspended in 200ul FACS buffer and run/acquired on a
Cytek® Aurora (Cytek Biosciences, France) flow cytometry system. The spectral flow data was
analyzed/processed using OMIQ (OMIQ, Inc, Santa Clara, CA, USA) and FlowJo™ v10.8
Software (BD Life Sciences). Gating strategies used for phenotyping the cells by spectral flow

cytometry are illustrated in Supplementary Figure 2.

IFNy-ELISPOT Assay

96-well plates (Millipore Multiscreen Filtration, Merck Millipore, Sweden) were pre-treated
with coating buffer (0.1M Na-Carbonate—Bicarbonate buffer pH 9.5), after which, wells were
coated with human anti-IFN-y monoclonal antibodies (1-D1K, Mabtech Sweden) at a
concentration of 5ug/ml and diluted with the same coating buffer. After overnight incubation
at 4°C, the wells were washed 4 times with PBS (Cytiva HyClone™ Dulbecco's PBS, Fisher
Scientific), and quenched in 5% PHS in RPMI supplemented with gentamicin (20 pug/ml) and
HEPES (10 mM), before seeding the wells with PBMCs at up to 300,000 per well. Later,
different stimulants were added, and the plate was incubated for 48 hours at 37°C. The
stimulates were pools of 2 ug/ml SARS-CoV-2 peptides (15-mer sequences with 11 amino acid

overlaps) consisting of the surface glycoprotein spike (S) (PepTivator® SARS-CoV-2 Prot_S,
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Miltenyi Biotech); containing the immunodominant sequence domains of the spike, spike plus
(S+) (PepTivator® SARS-CoV-2 Prot_S+, Miltenyi Biotech); containing the sequence of a portion
of the spike region, or nucleocapsid protein (N) (PepTivator® SARS-CoV-2 Prot_N), Miltenyi
Biotech); covering the full protein sequence. Control conditions included mock i.e., PBMCs
without stimuli (for background levels) or stimulation with 5 pg/ml phytohemagglutinin (PHA)-
M (Sigma-Aldrich) and 20 pg/ml tetanus toxoid (Creative™ Biolabs) (as positive controls).

After 48 hours of incubation, the plates were washed four times with 0.05% Tween 20 in PBS,
followed by 2 hours of incubation at 37°C with biotinylated anti-human IFN-y monoclonal
antibodies (clone 7-B6-1, Mabtech) diluted at 1pg/ml in PBS. Subsequently, the plates were
washed four times with 0.05% Tween 20 in PBS, and then were incubated with 50ul/well
Avidin-Peroxidase-Complex (Vectastain ABC kit: Vector Laboratories, USA) at 37°C for an hour.
The Avidin-Peroxidase Complex was prepared and left to stand for 30 min at room
temperature before use. The wells were washed 4 times with wash buffer, after which 50ul
stable DAB (Invitrogen, Fisher Scientific, Sweden) was added to each well for 3-5 min. Finally,
the plates were washed with tap water three times and left to air dry. Spots were counted
manually using an inverted phase-contrast microscope (Nikon SMZ1500, Light source Zeiss

KL1500 LCD).

Anti-SARS-CoV-2 Spike and Nucleocapsid IgG

Qualitative measurement of anti-SARS-CoV-2 spike 1gG, including anti-spike neutralizing 1gG
antibodies directed against the receptor binding domain (RBD) of S1 subunit was performed
using a commercial chemiluminescent microparticle-based immune assay (Abbott SARS-CoV-2
IgG Il Quant/6S60 ARCHITECT SARS-CoV-2 IgG kit) and anti-SARS-CoV-2 nucleocapsid 1gG
(6R86 ARCHITECT SARS-CoV-2 1gG) using a commercial ARCHITECT Abbott (Abbott

Laboratories Diagnostics Division, Abbott Scandinavia AB) kit. The anti-SARS-CoV-2 spike 1gG
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are expressed as standardized binding antibody units (BAU)/mL, calibrated to the WHO
International Standards for anti-SARS-CoV-2 immunoglobulin (human) (NIBSC Code 20-136)
[43] with a positivity cut-off of 7.1 BAU/mL. The anti-SARS-CoV-2 spike 1gG positivity cut-off

was 1.4.

Statistical Analysis

Data and statistical analyses were carried out using GraphPad PRISM v9.0 (GraphPad
Software, CA, USA). Differences among the study groups were analyzed with either unpaired,
parametric T test with Welch’s correction, or Brown-Forsythe and Welch ANOVA tests, with
no correction for multiple comparisons. All differences with P values of <0.05 were considered

statistically significant.
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Results

Clinical Characteristics of COVID-19 Cohort Patients

During a 15 month period (July 2020 to October 2021), blood samples were collected from
hospitalized COVID-19 patients and healthy participants. From this cohort, we analyzed data
from 46 COVID-19 patients and 31 healthy controls. Furthermore, a subset of donors was
followed longitudinally up to 6-7 months. Our analysis focused on the effect of COVID-19 on

various T cell subsets and SARS-CoV-2-specific T cell and B cell immune responses (Figure 1).

Our hospitalized COVID-19 cohort represents the infection in wider society in terms of
biological sex distribution, encompassing two-thirds of males and one third of females [44],
and a median age of 56.6 (32 to 91) years (Table 1). The disease scores for the patients were
moderate or severe as described by the National Institutes of Health [42]. Our control cohort
included a majority of females with a median age of 45 years and an age range of 26-62 years.
The level of C-reactive protein (CRP) was significantly elevated (88.4 mg/L) in the hospitalized
cohort at inclusion with an 8-fold increase as compared to the healthy controls. In addition,
the level of lactate dehydrogenase (LDH) was much higher in most patients than in the healthy
controls with median of 6.9 pKat/L (Table 1 and Figure 2A). Both these findings are consistent
with observations made by others [45, 46]. No association was found between disease

severity and biological sex, age, or clinical characteristics (data not shown).

Effect of COVID-19 on the Levels of Circulating White Blood Cells and Thrombocytes

The number of lymphocytes/L was significantly decreased, and leukocytes/L was significantly
increased at inclusion compared to the healthy controls, whereas monocyte and platelet
counts were not significantly affected, although there was a minor fraction of COVID-19
patients with increased levels of platelets (Figure 2B). To further characterize the attrition in

lymphocytes, we analyzed CD4* T cells, CD8* T cells, B cells, NK cells, and NKT cells in peripheral
11
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blood. There was a significant decrease in T cells, CD4* T cells, CD8* T cells, and NKT cells/uL
at inclusion among COVID-19 patients relative to healthy controls. Furthermore, the
lymphocyte populations experienced recovery with a significant increase in cell numbers at
week 2, which remained stable until the 6 week time point (Figure 2B). Regarding the CD8* T
cells, the increase was significantly higher at week 6 compared to healthy controls. We found
no significant alteration in the absolute number of NK cells or B cells (Figure 2B). Together,
these data are reflective of the alterations in the levels of various immune cell types during

COVID-19, in line with observations made by others [25, 47-50].

Hospitalized SARS-CoV-2-Infected Individuals have Prolonged Reduction of CD3* T cells but
CD8* T cells Gradually Rebound from 6 Weeks Onwards

To assess the longitudinal effect of COVID-19 on T cell populations, we sampled PBMCs from
21 patients with COVID-19 and 16 healthy controls over a period of 6-7months. PBMCs were
analyzed by flow cytometry to investigate immunophenotype across the various T cell
compartments. The percentages of CD3* T cells were significantly decreased in patients at
inclusion compared to the later time points and to healthy controls (Supplementary Figure
3A). At week 2, the fraction of CD3* T cells was still decreased in comparison with the healthy
controls. While comparable percentages of CD4* T cells were observed at hospitalization and
week 2, there was a significant decrease in the levels after 6 weeks and 6-7 months, relative
to the healthy controls (Supplementary Figure 3B). Conversely, CD8* T cells were significantly
increased at 6 weeks and 6—7 months, in comparison to healthy individuals, while similar levels
of these cells were seen at the first two time points (hospitalization and 2 weeks)

(Supplementary Figure 3C).

12
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COVID-19 Patients have a Sustained, Elevated CD8* TEMRA Population

The environment locally and systemically created by an infection can give rise to alterations
in the general memory T cell populations [51]. Here, we examined the effect COVID-19 had on
naive and memory CD4*and CD8* T cells (Figure 3). Distinct differences in the CD4*and CD8*
T populations between a COVID-19 patient and a healthy control are shown in the
representative pseudo-color dot plots (Figure 3A). A slight, but not significant, decrease was
seen in the naive fraction of the CD4* TH cells over time, with no alterations in the CD4+
TEMRA (CCR7°CD45RA") or T cell effector memory (TEM; CCR7'CD45RA") fractions (Figure 3B).
There was, notwithstanding, a significant upregulation in the T cell central memory (TCM;
CCR7*CD45RA") compartment of CD4* T cells at 6-7 months in comparison with hospitalization.
We found that CD8* T cells displayed more sustained alterations in their naive and TEMRA
compartments compared with healthy controls. However, the frequencies of TCM and TEM
were not affected (Figure 3B). A gradual decrease over time occurred in the naive CD8* T cells
of COVID-19 patients, with the 2 weeks, 6 weeks, and 6-7 month time points presenting
significantly decreased fractions of these cells compared to healthy controls (Figure 3B). In
contrast, we found a sustained increased percentage of CD8* TEMRA cells throughout the

investigation, in comparison to healthy controls.

Next, we characterized the regulatory T cell (Treg; CD25*CD127") fraction of CD4* T cells
(Figure 3C and 3D) and found comparable levels of CD4* Tregs in patient and control samples
(Figure 3D). The TFH subset amongst Tregs was significantly increased in COVID-19 patients at
hospitalization but decreased to a comparable level relative to healthy controls by the 2 week
time point (Figure 3D). Overall, we found alterations in the memory T cell pool and this was
most evident in the CD8* TEMRA subset, where the changes were sustained until the end of

the study.
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COVID-19 Gives Rise to Altered TFH Cell Subsets with Consistent and Elevated TH2

Phenotype

Follicular helper T cells interact with B cells and facilitate the humoral arm of immunity by
enhancing B cell responses, ultimately resulting in the generation of long-lasting, high-affinity
antibodies, especially in the context of viral infections [52-54]. We evaluated TFH responses
(Figure 3E and 3F) and found that TCM and TEM levels among the TFH remained unchanged
(Figure 3F). In contrast, the TFH subsets had significant alterations in the TH1 (CXCR3*CCR6),
TH2 (CXCR3°CCR67) and TH17 (CXCR3"CCR6*) proportions (Figure 3F). There was a significant
drop in CD4* TFH-TH1 cells at hospitalization among COVID-19 patients as compared to
healthy controls, which consistently increased throughout the infection, reaching a level at
6-7 months that was comparable to healthy controls (Figure 3F). Conversely, TFH-TH2 cells
were significantly upregulated at hospitalization in comparison to healthy controls. The
fractions of these cells were consistently elevated during the infection. Although their levels
eventually decreased, they remained higher compared to healthy controls after 6-7 months
(Figure 3F). The level of TFH-TH17 cells was not significantly different from the control group
at any time point, despite appearing lower after 6-7 months. Nonetheless, there was a gradual
decrease of TFH-TH17 over time, which reached significance by the final time point (Figure
3F). There was a clear change in the TFH population, with a sustained increase in the TH2

subset in particular.

COVID-19 Patients have Activated T Cells at Inclusion, and Certain Cell Populations such as
CD69* CD4* T Cells are Maintained Throughout the Study

Classical markers of early and late activation of T cells are represented by CD69 and CD38/HLA-
DR, respectively [37, 38]. Persistent expression of these markers is suggestive of a hyper-

immune activation state and affirms an ongoing phase of systemic inflammation and tissue
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injury occurring in severe COVID-19 [55]. Hence, to examine the activation status of CD4* and
CD8* T cells, we assessed the cells for CD38*HLA-DR* and CD69" expression (Figure 4). We
found clear differences in the activation status of the T cells between the COVID-19 patient
and healthy control as illustrated in the representative scatter plots (Figure 4A). The fraction
of CD38*HLA-DR* activated CD4* T cells in the COVID-19 patients significantly decreased over
the study duration and appeared to be lower than healthy controls at 6-7 months although
this was not significant (Figure 4B). The levels of CD69* activated CD4* T cells were significantly
higher at hospitalization than in healthy controls. This elevation was sustained until the 6-7
month time point despite having dropped significantly from the initial levels (Figure 4B).

Activated CD8* T cells in COVID-19 patients were also abundantly increased at hospitalization
when compared to healthy controls. We observed a decrease over the 6-7 months period to
the same level as healthy controls, although the CD38*HLA-DR* phenotype was maintained up
to 6 weeks where the CD69* phenotype declined earlier (Figure 4C). The data collectively
illustrates a significantly increased activation of both CD4* and CD8* T cells in COVID-19
patients at the initial sampling period that is sustained for some but not all markers in each

subset.

COVID-19 Induces a Long Term Altered Exhausted CD57*CD8* T Cell Population

To investigate the magnitude of T cell impairment during SARS-CoV-2 infection and recovery,
we measured the frequency of co-inhibitory markers that are normally upregulated during
exhaustion and suppression on CD4* and CD8* T cell subsets. CD57 is a marker of terminally
differentiated non-proliferative T cells (senescence and exhaustion) and the frequency of
CD57*CD4* and CD57*CD8* T cells increases with age as well as with cancer and chronic
infections [56]. Both CD4* and CD8* T cell populations were examined for expression of CD57

as shown by a representative pseudo color dot plot (Figure 5A). We found no significant
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difference in the proportion of CD57*CD4* T cells between COVID-19 patients and healthy
controls (Figure 5B). Interestingly, we observed a significant surge in the percentage of
CD57*CD8* T cells among COVID-19 patients at inclusion compared to healthy controls, which
increased further by the 6 week time point and was sustained up until 6-7 months (Figure 5B).
Taken together, our data clearly shows a long-lasting effect on the CD8* T cell population with

increased level of exhausted CD57* CD8* T cells.

COVID-19 Gives Rise to High Expression of LAG-3, TIM-3 and PD-1 that is Maintained for a
Prolonged Duration, Indicative of Suboptimal T Cell Responsiveness

Next, we examined the expression of three co-inhibitory markers i.e., LAG-3, which inhibits T
cell activation and promotes a suppressive phenotype [57]; TIM-3, a T cell exhaustion marker
[58] and PD-1, which down-regulates functional T cell activation [59]. These markers of T cell
impairment are all expressed during chronic infections. We observed a significant increased
level of LAG-3*CD4* T cells among COVID-19 patients at hospitalization and again at the 6-7
month time point when compared to healthy controls (Figure 5C). Similarly, the proportion of
TIM-3*CD4"* T cells was elevated at hospitalization, and again at the 6 week time point. At the
6-7 month time point, the level appeared to rise but was not significant (Figure 5C). The
percentage of PD-1*CD4* T cells was significantly raised compared to healthy controls at all
time points except for a significant dip at 6 weeks (Figure 5C).

A significant elevation of LAG-3*CD8* T cells was observed at hospitalization and again after
2 weeks, and 6-7 months (Figure 5D). The fraction of TIM-3* CD8" T cells was significantly
raised at hospitalization, 6 weeks, and 6-7 months (Figure 5D). The levels of PD-1* CD8" cells
were significantly raised at hospitalization and reverted to normal levels over the following 6-
7 months (Figure 5D). Overall, there was a general trend within all three markers of being

elevated among COVID-19 patients at hospitalization when compared to healthy controls
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across both CD4* and the CD8* T cell subsets. Of note, there was a pattern within most of the
data, of levels decreasing after the first time point, but increasing again by the 6—=7 month time

point.

COVID-19 Patients Develop Spike and Nucleocapsid SARS-CoV-2-Specific T Cells with the
Ability to Respond with IFN-y Production Following Stimulation

ELISPOT assay measures the antigen-specific responses of T cells [60-62], and has been used
to determine the functional responses of SARS-CoV-2-specific T cells [63-65]. Here, we
evaluated the level of SARS-CoV-2-specific IFN-y producing bulk T cells in the COVID-19
patients, following stimulation with overlapping peptides covering the spike (containing the
immunodominant RBD), spike+ (containing a portion of the spike region) and the nucleocapsid
(covering full sequence) proteins (Figure 6). We found SARS-CoV-2 specific T cell responses in
all COVID-19 patients (Figure 6 and Supplementary Figure 4). The SARS-CoV-2 specific
response from inclusion to the 6-7 month time point in a representative donor is presented
in Figure 6A. We observed a gradual and significant increase in the number of spike (Figure
6B), spike+ (Figure 6C), and nucleocapsid (Figure 6D) SARS-CoV-2-specific T cells, which was
sustained for 6-7 months. The antigen specific T cell responses in individual donors are
illustrated in Supplementary Figure 4. Altogether, we found the frequency of bulk

SARS-CoV-2-specific T cells to be increased over the duration of the investigation.

COVID-19 Patients Develop SARS-CoV-2-Specific Antibody Responses and have Activated B
Cells Early in the Course of the Disease

The levels of anti-SARS-CoV-2 nucleocapsid and spike-neutralizing Abs in the COVID-19
hospitalized patients were assessed at inclusion, 2 weeks, 6 weeks, and 6-8 months. The levels
of antibodies increased significantly from inclusion to the 2 week time point and were also

significantly higher at 6 weeks, before declining back to inclusion levels by 6-8 months (Figure
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7A, left). The spike-nAbs were of the same profile as the anti-nucleocapsid Abs, which
increased significantly from inclusion compared to the 2 and 6 week time points and
eventually declined at the 6-8 month time point (Figure 7A, right). We ensured that the
SARS-CoV-2 vaccinated participants were not tested at the final time point.

The frequency of activated B cells, defined by CD38 expression [66, 67], was significantly
higher at inclusion compared to the 2 and 6 week time points (Figure 7B). The levels of
memory B cells at inclusion were reduced, but not significantly so, when compared to healthy
controls. Similarly, unswitched memory B cell levels were significantly decreased at
hospitalization. The percentages of both the populations increased at the 2 week time point
to levels comparable to healthy controls (Figure 7B). There were no significant alterations
observed in the levels of switched memory B cells (Figure 7B). Given there was no effect on
the absolute numbers of B cells per ul (Figure 1C), these data indicate an alteration in the
proportion of the different sub-populations within the B cell compartment. Collectively, the
data illustrate a decrease in the unswitched B cell population and subsequent waning of

SARS-CoV-2-specific antibodies over time.
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DISCUSSION

We have profiled T cell populations during COVID-19 in a longitudinal study cohort, where we
followed them from inclusion up to 6-8 months post-recovery, using spectral flow cytometry
and serological and immunological assays. Additionally, we have evaluated the SARS-CoV-2
specific T cell responses, B cell responses, and SARS-CoV-2 antibodies generated in the cohort.
We found wide-ranging alterations to the T cell compartment including a rise in CD8* TEMRA
and TFH TH2 cells, and different forms of functional impairments that lasted long into

convalescence.

Our initial measurement of clinical parameters was consistent with others showing elevated
CRP and LDH, common acute-inflammatory biomarkers [49, 68, 69]. These have been shown
to have a positive correlation with the development of pulmonary lesions during early
COVID-19, and consequently with severe COVID-19 and related respiratory complications [70,
71]. We recently found an association of soluble urokinase Plasminogen Activator Receptor
with COVID-19 severity, and length of hospitalization [72]. Additionally, lymphopenia was
observed in many of the COVID-19 patients in our cohort at inclusion (i.e., at hospitalization),
and is a common clinical observation [73-76] that may likely be attributed to the cells
relocating or consequently dying at this stage of the disease. Indeed, a highly inflammatory
form of cell death, i.e., pyroptosis, induced in infected and uninfected cells, appears to be a
major contributing factor for the onset of strong inflammatory responses seen globally in
many individuals with COVID-19 [8, 49, 69, 77, 78]. Furthermore, we and others have shown
that the T cell compartment is highly affected, and to a higher degree than immune cells such
as B or NK cells [79-82], which implies that T cell subsets play a paramount role in COVID-19

pathogenesis.
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Memory T cells, both general and antigen-specific, in the context of SARS-CoV-2 infection have
been widely studied, notwithstanding often for shorter time-periods [22, 75, 83, 84] with
fewer long-term studies, i.e. 8-9 months [85]. Evidence from the SARS-CoV outbreak in 2005
suggests that anti-SARS-CoV antibodies fell below detection limits within two years [86], and
SARS-CoV-specific memory T cells were detectable 11 years after the SARS outbreak [87].
Memory T cells are an important and diverse subset of antigen experienced T cells that are
sustained long-term, and when needed are converted into effector cells during
re-infection/exposure [88, 89]. Depending on their cellular programming and phenotype they
are classified into different central and effector memory subtypes. The effector subsets
contain the CD45RA*CCR7  TEMRA, which are essentially TEM that re-express CD45RA after
antigen stimulation [90]. Not much is known about the functionality of this population, but
CD4* TEMRA are implicated in protective immunity [90]. Furthermore, high levels of virus
specific CD8* TEMRA are maintained after dengue vaccination [91]. We found an elevation of
CD8*TEMRA that lasted throughout the study, i.e., 6-7 months, which contrasted with the
CD4* TEMRA that remained unaltered by COVID-19. Previous studies have shown the CD8*
TEMRA population to be increased at hospitalization [92, 93] and sustained for 6 weeks [92].
Nonetheless, as far as we are aware, no studies have followed up beyond the 6 week time
point. Currently, the exact role of CD8* TEMRA in COVID-19 remains largely ambiguous, but
Cohen et al [85] found an increase in SARS-CoV-2 specific CD8* TEMRA over time. In our case,
we have explored the whole expanded CD8* TEMRA population and cannot confirm if there
was a larger fraction of antigen-exposed, i.e., SARS-CoV-2-specific T cells, among the

population.

We found that all COVID-19 patients developed SARS-CoV-2 antigen specific T cells, that

increased over time. Our findings are in accordance with other studies that have shown that
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SARS-CoV-2 infection results in increased expansion of antigen specific CD4* and CD8* T cell
subsets [63, 94]. It is still unclear if the lower antigen specific responses seen at 2 and 6 weeks
compared to 6-7 months are due to an overall immunosuppression [95] or a natural
development of the immune response over time [65]. Furthermore, there might be a
relocation of the cells, as the composition of peripheral antigen specific T cells may not
necessarily be indicative of the frequency of the cell phenotypes in the pulmonary

compartment in COVID-19.

The TFH cell subsets are essential for inducing high-affinity antibodies [27-31]. The frequency
of circulating TFH have been shown to be correlated with neutralizing antibodies in viral
infections such as HIV-1 [34], and now SARS-CoV-2 [22, 25, 35]. We found no alteration in the
levels of TFH in general, while the frequencies of TFH TH2 were elevated which is consistent
with findings by Juno et al [23]. In addition, the TFH regulatory T cells were elevated at

inclusion in the study but reverted to normal levels after a few weeks.

Our study clearly shows that activation of CD4* and CD8* T cells is a key finding in COVID-19
patients during active disease, and this is in agreement with others [39, 55]. Concerning the
activated CD8* T cell population expressing CD38 and HLA-DR, the levels were elevated
compared to healthy controls and were sustained for more than 6 weeks, whereas the CD4* T
cells decreased over time within the COVID-19 patients. High levels of HLADR* CD38* CD8* T
cells that persisted 30-60 days were detected in individuals with severe COVID-19 [39], which
is in accordance with our findings. We found elevated levels of activated CD69* CD4* T cells
that were sustained at the 6-7 month follow-up, while the levels of CD69*CD8* T cells dropped
to healthy control levels already at the 2 and 6 week time points. CD69 expression on T cells
is considered an early activation marker [38], and is also implicated in regulating mucosal

inflammation [96]. It has also been shown that sustainment of CD69 on circulating CD8* T cells
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eventually could also accelerate their destruction in the liver [97], and hence it remains to be

seen if the activated T cells would still be recruited into the effector or memory pool.

The hyper-activation of T cells is a well-studied mechanism in chronic viral infections [98] and
is often dependent on the levels of viral persistence in the circulation. The reason for the
prolonged activation of T cells in COVID-19 could be owing to the persistence of viral antigens
in the bone marrow, that indirectly affect the circulating lymphocytes [99]. In addition, this
may also be attributed to an ongoing chronic inflammation resulting from fibrosis/on-going
tissue repair in the lung of patients’ recovering from COVID-19 [100, 101]. Indeed, individuals
that had been infected with SARS-CoV experienced dysregulation in lung function that
persisted for 2 years [102], and hence in our cohort, 6-7 months is seemingly too short to
witness complete recovery. Chronic activation of T cells leads to impairment in their
functionality and elevated levels of negative immune checkpoint molecules, which
compromise both the antigen specific and bystander responses [103]. The negative immune
checkpoint molecules PD-1, LAG-3, or TIM-3 expressing CD4* and CD8* T cells were elevated
at inclusion. Additionally, the levels of LAG-3 and PD-1 on CD4* T cells, and LAG-3 and TIM-3
on CD8* T cells were elevated at the 6-7 month time point. The expression of negative immune
checkpoint molecules TIM-3 and PD-1 mediates immunosuppression in lung, and was found
to be a hallmark of severe COVID-19, particularly in men [104]. Besides the induction of the
negative immune checkpoint molecules, chronic stimulation can give rise to CD57* exhausted
T cells. In addition, the frequency of CD57* T cells increases with age [56]. There was a high
impact on the CD8* T cell population with an increase in CD57*CD8" T cells that lasted
throughout the study (6-7 months), although we did not find any effect on the CD4* T cell
population. Increased CD57 CD8* T cells has previously only been shown early during

hospitalization in COVID-19 patients [41].
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Today it is clear that all immunocompetent individuals develop SARS-CoV-2-specific
antibodies, which is also evident in our investigation. Some studies provide clear evidence that
these antibodies are detected only for a few months after infection [105, 106], whereas others
support a minimum of 6 months [20, 107]. In our cohort, we found that the SARS-CoV-2
nucleocapsid-specific and spike-specific neutralizing antibody levels lasted 6-8 months post
infection, even though there was a drastic decline at some time point after 6 weeks. Our
findings are supported by Bjorkander et al. [94], who have reported that the antibody

responses lasted up to 8 months among young adults.

With the continued burden of the current COVID-19 pandemic on the population, there is still
a need for more insight into the SARS-CoV-2-specific immune response elicited during
infection. Despite having multiple approved and licensed vaccines, the emergence of variants
with multiple mutations [108], and the long list of long-term symptoms following a natural
SARS-CoV-2 infection [109-111], are still cause for great concern. Further, given the likely
impact of inter-human variations in clinical parameters, more data is needed regarding the
durability and sustenance of SARS-CoV-2 specific antibodies and T cells generated during
COVID-19 and their contribution to the quality of immune responses and what the lasting

effects on the immune cells compartment in individual that have recovered from COVID-19.

It is important to note that the current investigation has limitations. A critical factor to
consider is the pre-selection of patients for this cohort, with most of the patients included
already having moderate to severe COVID-19. It is also noteworthy to consider that health
systems vary across geographical locations so patients in other counties might be more
diverse due to different thresholds of illness required for hospital admission. Additionally, due
to severe disease presentations, there were challenges with obtaining clinical samples from

some patients and, in some cases, the cell numbers were low and/or of poor quality. During
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the study some COVID-19 patients were vaccinated against SARS-CoV-2 and therefore were

excluded from our data set as this interfered with some results.

Despite the immensely challenging conditions during the pandemic, we do believe that the
cohort presented in this investigation is well characterized and of high quality and value.
Altogether, this study highlights the alterations in the immune response incurred during
hospital treated SARS-CoV-2 infection and convalescence. These novel longitudinal data
illustrate the substantial changes to the T cell landscape, with a persistent increase in markers
of activation, exhaustion and senescence lasting for more than 6 months. We further showed
an accompanying decay in SARS-CoV-2-specific antibody responses at the same time. Our
findings, in combination with others, are valuable in providing insight into SARS-CoV-2 cellular
and humoral immunity, and open new avenues to be explored for improved understanding of

the long-term alterations described herein in COVID-19 immunopathogenesis.
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Graphical outline of the study.
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Peripheral blood was collected from patients with COVID-19 that needed hospitalization (N=46) and
healthy controls (N=31). Clinical parameters were measured at enroliment, and the levels and effects
on peripheralimmune cells and neutralizing antibodies were assessed at enroliment, 2 weeks, 6 weeks,
and 6-8 months. The phenotype of the T cells and B cells were analyzed by flow cytometry, SARS-CoV-

2-specific T cells by ELISPOT, and SARS-CoV-2-specific antibodies by serological testing.

36


https://doi.org/10.1101/2022.03.17.484640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.17.484640; this version posted March 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Figure 2.

A

C

CRP (mg/L)

LDH (pkatiL)

Cells/pL

Cells/uL

CRP

4004
R
3004

200+

1004

04
COovID-19 HC

LDH

204

EERE

o
1

o

04
COVID-19 HC

Bulk T cells

e

4000

30004

2000+

1000+

B cells
3000
=]
[ ]
2000
A
]
1]
3
10004 o
. g .
u_m

Cells x10%L

Cells x10%L

Cells/uL

Cells/uL

Leukocytes

*

104
54

-
COVID-19 HC

Lymphocytes

e

41

4

COVID-19 HC

CD4* T cells

e
2000 wexe

1500 o ?@oé
8

sl

1000+

T

500+

..
Y
¥

NK cells

2500+
2000+
1500+ .

10004
500+ i i § 4
0-

B E (] ]

Inc 2W 6W HC
| covib-194

Cells x10%L

Cells x10%/L

Cells/pL

Cells/uL

6009
400+

200+

1.04
0.5+ %%
0.0-

2000
15001
10004

500+

800+

€00

Platelets

b

COVID-19 HC

Monocytes

COVID-18 HC

CD8* T cells

=]

;.

1

Effects of COVID-19 on clinical parameters and levels of white blood cells and platelets.

Peripheral blood was collected from patients with COVID-19 that required hospitalization (N=46) and
healthy controls (N=31) and levels of clinical markers and white blood cells were measured at inclusion.
(A) The levels of CRP (mg/L), and LDH (uKat/L) were measured in blood of COVID-19 patients and
healthy controls. (B) Leukocytes, lymphocyte, monocyte, and platelet counts in COVID-19 patients and
healthy individuals at study inclusion was measured in blood measured as cells/particles x 10%/L. (C)
The absolute number of T cells, CD4* T cells, CD8* T cells, B cells, NK cells, and NKT cells per uL whole
blood from COVID-19 patients and healthy individuals were assessed by flow cytometry. The statistical
testing was done by unpaired, parametric t test with Welch’s correction, or Brown-Forsythe and Welch
ANOVA tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Inc = Inclusion in study at the

hospital, 2W = 2 weeks, 6W = 6 weeks, HC = healthy control.
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Figure 3.

SARS-CoV-2-specific CD4* and CD8* T cell subsets during COVID-19 infection.

PBMCs were collected from COVID-19 patients that needed hospitalization (N=23) and healthy controls
(N=16) over a 6-7 month period. Cells were stained with antibodies for flow cytometry to
immunophenotype the various T cell populations. (A) Representative flow plot of CD4* (upper panel)
and CD8* (lower panel) naive and memory T cell populations. (B) Percentages of naive (CCR7*CD45RAY),
TEMRA (CCR7°'CD45RA"), TCM (CCR7*CD45RA"), and TEM (CCR7 CD45RA") subsets in CD4* (upper panel)
and CD8* (lower panel) T cells. (C) Representative gating strategy of CD4* Tregs (CD25*CD127°) and TFH
Reg (CXCR5*PD-1*CD25*CD127°) on CD4* T helper cells. (D) Fractions of Tregs (left panel) and TFH Tregs
(right panel). (E) Representative gating and (F) proportions of TH1, TH2, and TH17 TFH T cells. Data is
represented as mean with 95% Cl, with significance of *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.,
determined using Brown-Forsythe and Welch ANOVA tests. Inc = Inclusion in study at the hospital, 2W

= 2 weeks, 6W = 6 weeks, 6M = 6-7 months, HC = healthy control.
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Figure 4.

T cells are activated during SARS-CoV-2 infection.

PBMCs collected from COVID-19 patients that required hospitalization (N=23) and healthy donors
(N=16), were stained for flow cytometry to assess the activation status of CD4* and CD8* T cells. (A)
Representative dot plots for CD38*/HLA-DR* and CD69" activated CD4* and CD8* T cells. (B) Proportions
of the CD38*/HLA-DR* and CD69" activated CD4* T cells. (C) Proportions of the CD38*/HLA-DR* and
CD69 activated CD8* T cells. Data is represented as mean with 95% Cl, with significance of *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, determined using Brown-Forsythe and Welch ANOVA tests. Inc
= Inclusion in study at the hospital, 2W = 2 weeks, 6W = 6 weeks, 6M = 6-7 months, HC = healthy

control.
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T cell impairment associated with COVID-19.
PBMCs collected from COVID-19 patients that needed hospitalization (N=23) and healthy controls
(N=16), were stained for flow cytometry to assess the expression of negative immune checkpoint
factors and exhausted status of CD4* and CD8* T cells. (A) Representative flow cytometry plots show
how CD57 expression levels were determined for CD4* and CD8* T cells. (B) Expression frequency of
CD57 among CD4* and CD8* T cells. (C) Expression frequencies of LAG-3*, TIM-3* and PD-1* among CD4*
and (D) CD8* T cells. Data is represented as mean with 95% Cl, with significance of *p<0.05, **p<0.01,
**%p<0.001, determined using Brown-Forsythe and Welch ANOVA tests. Inc = Inclusion in study at the
hospital, 2W = 2 weeks, 6W = 6 weeks, 6M = 6-7 months, HC = healthy control.
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Figure 6.

SARS-CoV-2-specific IFN-y T cell responses in COVID-19 patients.

PBMCs collected from COVID-19 patients that needed hospitalization (N=23) were left unstimulated
(M) or incubated with SARS-CoV-2 specific peptides: Spike (S), spike+ (S+), and nucleocapsid (N); and
assessed for their production of IFN-y by ELISPOT. Representative images of the IFN-y production in a
COVID-19 hospitalized patient at inclusion, 2 weeks, 6 weeks, and 6-7 months, each dot represent one
antigen-specific T cell (A). Antigen specific T cells responses as spot forming cells (SFC) per 106 PBMCs,
specific for spike (B), spike+ (C), and nucleocapsid antigens (D). Data is represented as mean with 95%
Cl, with significance of *p < 0.05, **p < 0.01, determined using Brown-Forsythe and Welch ANOVA
tests. Inc = Inclusion in study at the hospital, 2W = 2 weeks, 6W = 6 weeks, 6M = 6-7 months, HC =
healthy control.
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Figure 7.
All COVID-19 patients develop SARS-CoV2 specific antibody responses and have activated B cells

early in the disease.

Sera were collected from COVID-19 patients that required hospitalization (N=46) and healthy donors
(N=31). (A)The levels of nucleocapsid antibodies (Units, 0.8-1.4 borderline positive and > 1.4 for
positive result) (left) and neutralizing spike antibodies (BAU/ml, > 30 for positive result) (right) were
measured in sera from inclusion up to 6-8 months. (B) The B cell populations were measured by flow
cytometry as percentage out of the CD19" B cells; CD19*CD27* B cells (memory B cells),
CD19*CD27*IgD* B cells (unswitched B cells), CD19*CD27*IgD" B cells (Switched B cells), and CD19*CD38*
B cells (activated B cells). Data is represented as mean with 95% Cl, with significance of *p <0.05, **p
<0.01, ***p <0.001, ****p <0.0001, determined using Brown-Forsythe and Welch ANOVA tests. Inc
= Inclusion in study at the hospital, 2W = 2 weeks, 6W = 6 weeks, HC = healthy control.
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Table 1.
Clinical and-demographical characteristics of hospitalized COVID-19 patients.

Diabetes mellitus, Cardiovascular, and Chronic pulmonary conditions defined as taking medication for these conditions

Variable Medical data Reference range
Number of patients 46

Age, median (range) 56.6 (32-91)

BMI, median (range) 30.2 (22.4-45.2)

Biological sex % 34.8% F/65.2%M (16F/30M)

Days in hospital, median (range) 8.8 (2-34)

ICU/ pandemic Ward %, (N) 8.7/91.3 (4/42)

Days with symptoms before inclusion

(median) 9.5 (2-34)

Spike antibody IgG positive at inclusion %,

(N) 65.2 (30)

Nucleocapsid IgG positive at inclusion %, (N) 63.0 (29)

Antiviral treatment %, (N) 34.8 (16)

Corticosteroid treatment %, (N) 67.4 (31)
No/oxygen/HFNOT:CPAP/mechanical 6.5/41.3/50.0/2.2

ventilation % (N) (3/19/23/1)

Cardiovascular condition %, (N) 56.5 (26)

Chronic pulmonary condition %, (N) 23.9 (11)

Diabetes mellitus %, (N) 26 (12)

Two of the underlying conditions %, (N) 28.3 (13)

Three of the underlying conditions %, (N) 4.4 (2)

Disease score: Moderate/severe %, (N) 93.5 (43)/6.5 (3)

Smoker/snus %, (N) 15.2 (7)

Previous history of smoking /snus %, (N) 54.3 (25)

Leukocytes (1 x 10°/L) median (range) 6.6 (2.8-20.4) 3.5-8.8
Platelets (1 x 10°/L) median (range) 258 (121-543) 150-400
Lymphocytes (1 x 10%/L) median (range) 1(0.2-2.8) 1.1-4.8
Monocytes (1 x 10°/L) median (range) 0.38 (0.1-1.24) 0.1-1
Lactate dehydrogenase (uKat/L) median

(range) 6.6 (3.2-16) Over 70 <3.5 Under 70< 4.3
C-reactive Protein (mg/L) median (range) 73 (6-318) 0-10
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