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BACKGROUND. After its introduction as standard-of-care for severe COVID-19, dexamethasone has
been administered to a large number of patients globally. Detailed knowledge of its impact on the
cellular and humoral immune response to SARS-CoV-2 remains scarce.

METHODS. We included immunocompetent individuals with (a) mild COVID-19, (b) severe COVID-19
before introduction of dexamethasone treatment, and (c) severe COVID-19 infection treated with
dexamethasone from prospective observational cohort studies at Charité-Universitatsmedizin
Berlin, Germany. We analyzed SARS-CoV-2 spike-reactive T cells, spike-specific IgG titers, and
serum neutralizing activity against B.1.1.7 and B.1.617.2 in samples ranging from 2 weeks to 6
months after infection. We also analyzed BA.2 neutralization in sera after booster immunization.

RESULTS. Patients with severe COVID-19 and dexamethasone treatment had lower T cell and
antibody responses to SARS-CoV-2 compared with patients without dexamethasone treatment

in the early phase of disease, which converged in both groups before 6 months after infection and
also after immunization. Patients with mild COVID-19 had comparatively lower T cell and antibody
responses than patients with severe disease, including a lower response to booster immunization
during convalescence.

CONCLUSION. Dexamethasone treatment was associated with a short-term reduction in T cell
and antibody responses in severe COVID-19 when compared with the nontreated group, but this
difference evened out 6 months after infection. We confirm higher cellular and humoral immune
responses in patients after severe versus mild COVID-19 and the concept of improved hybrid
immunity upon immunization.

FUNDING. Berlin Institute of Health, German Federal Ministry of Education, and German Federal
Institute for Drugs and Medical Devices.

Introduction

The clinical presentation of severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) infec-
tion can range from asymptomatic infection to critical disease (1). Upon SARS-CoV-2 infection, the initial
innate immune response is followed by T and B cell activity, including the generation of neutralizing
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antibodies within days after symptom onset. All of these components contribute to efficient clearance of
infection and protection from severe disease in the majority of healthy individuals (2).

Among patients requiring respiratory support, dexamethasone has been shown to reduce progression to
invasive mechanical ventilation and mortality at day 28 when started during the second week of the disease. To
date, systemic corticosteroids remain one of the few therapeutic options available to tackle an imbalanced host
immune response in severe COVID-19 that may contribute to tissue damage and subsequent organ failure (3).

SARS-CoV-2 spike-reactive B cells, CD4" T cells and, to a lesser extent, CD8" T cells have been
described in the majority of convalescent COVID-19 patients (4), including those with mild or asymptom-
atic infection (5), with formation of substantial immune memory across convalescent individuals (6).

T cell responses during acute COVID-19 are multifaceted and heterogeneous across individuals (4, 7),
with more pronounced T cell responses in mildly affected and younger individuals, presumably due to their
larger repertoire of naive T cells, which declines with age (4-6). An early induction of T cell immunity is
associated with protection from severe disease (2, 4, 8). Recent studies also highlighted several patholog-
ical immunotypes in severely affected patients, characterized for instance by a dysfunctional myeloid cell
phenotype (9), a complement-mediated overactive T cell response with excessive cytotoxicity (10), or T cell
exhaustion and dysfunction, resulting in insufficient infection control (5, 11). On the accompanying B cell
arm, the humoral immune response to SARS-CoV-2 typically includes IgM and IgA in the first weeks after
symptom onset, followed by longer-lived IgG antibody responses (2, 12). SARS-CoV-2 antibody titers have
been shown to directly correlate with neutralizing serum activity in several studies (12, 13). Neutralizing
activity after infection is highly variable and higher levels of neutralizing antibodies are associated with
older age and more severe disease (6, 12, 14-16).

As the SARS-CoV-2 spike is highly immunogenic for T and B cells, most COVID-19 vaccines currently
authorized are based on the spike protein or its subunits (17), rendering spike-reactive immune responses of
particular interest when studying long-term immunity to SARS-CoV-2 infection or vaccination. Given the
importance of immune memory for protection against reinfection, longitudinal studies of COVID-19 immu-
nity have been a research priority since the beginning of the pandemic. IgG memory B cell levels remain
high even 8 months after symptom onset (16) and demonstrate continuous clonal evolution (18, 19), while
antibody levels in the plasma wane in this timeframe (12, 18, 19). The half-life of neutralizing IgG antibodies
was estimated to be approximately 8 months (12, 20), and occurrence of breakthrough infections correlated
with low levels of neutralizing antibodies (21), making them an important correlate of protection (22). The
importance of neutralizing antibodies is underlined by the emergence of variants of concern with immune
escape such as B.1.617.2 (Delta) and the Omicron strain sublineages (23-25), resulting in breakthrough
infections in a substantial proportion of recovered and/or vaccinated individuals (26).

Several studies demonstrated that immunity after 1 natural infection leads to insufficient protection from
severe COVID-19, particularly with regard to variants of concern with immune-evasive properties (27, 28).
Therefore, booster immunization after natural infection is recommended and known to induce potent and
broad T and B cell immunity, including neutralizing antibodies reactive against several SARS-CoV-2 vari-
ants of concern (29-31), a phenomenon termed “hybrid immunity” (32).

Long-term immunity may also be affected by treatment during the acute phase. Besides antiviral treat-
ment, immunotherapeutic agents are a pillar of COVID-19 therapy (33). Dexamethasone has been adopted
as standard-of-care in the majority of hospitalized, severely affected COVID-19 patients since mid-June
2020 (34). To date, large numbers of convalescent individuals worldwide have been treated with this corti-
costeroid during acute infection. We and others have previously described comparable virus shedding and
antibody kinetics in severely affected patients treated with and without dexamethasone during the acute
phase (35-38), but comprehensive knowledge of the differential effect of this immunosuppressive treatment
on long-term and hybrid immunity, including protection against SARS-CoV-2 variants, is still scarce.

In this work, we specifically focused on comparing 3 groups of patients with (a) mild to moderate
COVID-19; (b) severe COVID-19 before introduction of dexamethasone as standard-of-care, i.e., without
dexamethasone treatment; and (c) severe COVID-19 treated with dexamethasone. We aimed to investi-
gate SARS-CoV-2 spike—reactive T cells, quantitative antibody responses, and virus neutralization capacity
against the Alpha and Delta variants of concern longitudinally from the acute phase to up to 6 months after
symptom onset. While all samples until followup at month 6 were taken from patients without any vaccina-
tion, we additionally also investigated differences in immunological response to first booster immunization
after infection in these 3 patient groups in a separate analysis.
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Figure 1. Study flow chart. A total of 208 patients with confirmed SARS-CoV-2 infection and symptom onset between
February and December 2020, from prospective observational studies conducted at Charité Universitaetsmedizin Berlin,
Germany, were included in this analysis. Sixty-eight were mildly affected and 140 severely affected. Of the severely affected,
64 were treated without and 76 were treated with dexamethasone within standard-of-care according to their date of disease
onset. Spike-reactive T cells, RBD IgG titers, and neutralization activity against B.1.1.7 and B.1.6.172 and for postimmunization
against BA.2 were measured in blood samples obtained at week 2, month 1, month 3, month 6 after symptom onset, and
after single immunization. Numbers of individuals and the proportional overlap with the respective previous time point for
each measurement, study visit, and group are shown in the table. N/A, not applicable for the first visit.

Results

Clinical characteristics. A total of 208 immunocompetent COVID-19 patients with symptom onset between Feb-
ruary 2020 and December 2020 were included at Charité - Universitaetsmedizin Berlin, Germany;, i.e., patients
all infected in the first and second wave with SARS-CoV-2 wild type before the detection of variants of concern
in Germany. Of those, 140 patients were severely affected by COVID-19 (median max. WHO score 7, IQR 4-7)
and 68 were mildly affected (median max. WHO score 2, IQR 2-3). Among patients with severe disease course,
64 were hospitalized before June 2020 and did not receive dexamethasone treatment (D), whereas 76 patients
hospitalized thereafter received dexamethasone treatment (D*) of 6 mg/day orally or intravenously for a median
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Table 1. Baseline patient characteristics of all patients, mild patients, and severe patients with and without dexamethasone

All patients Mild Severe Severe, treated with Severe, no Pvalue
dexamethasone® (D*) dexamethasone (D) (D*versus D)
Total number 208 68 140 76 64
Age, years 57 (44-66), 45,5 (33-60), 60 (52.3-68.8), 57(53.3-66), N=76 62(51.3-71), N =64 0.24
N =208 N =68 N =140
Female sex, 33.2 (69/208) 52.9 (36/68) 22.9 (32/140) 211(60/76),N=76  25(16/64), N = 64 0.58
% (n/N)
Male sex, 67.3 (140/208) 471(32/68) 771(108/140) 78.9(60/76), N =76 75(48/64), N =64 0.58
% (n/N)
BMI, kg/m? 27.3 (24.3-31.3), 24.6 (22.4-27.2), 28.7 (25.2-33.4), 29.4(25.1-33.2), N 28.1(25.3-33.6), N 0.75
N =198 N =65 N =133 =70 =63
ccl 2 (0-3), 1(0-2), 2(1-3),N=136 2(1-3),N=72 3(1-4),N=64 0.07
N =191 N =55
Max. WHO score® 4 (3-7), 2 (2-3), 7 (4-7), N =140 6(4-7), N =76 7 (4.3-7),N = 64 014
N =208 N =68
Invasive mechanical 39(81/208) - 57 (81/140) 54 (41/76),N=76 62 (40/64), N = 64 0.31
ventilation,
% (I'I/N)
Deceased, 8.2 (17/208) 0(0/68) 12.1(17/140) 10.5(8/76),N=76  14.1(9/64), N = 64 0.52
% (n/N)

ADexamethasone refers to the dosing equivalent to the RECOVERY trial only. Patients who received different doses of dexamethasone or corticosteroid
equivalents were excluded from comparison between the 2 groups. ®BWHO ordinal scale of clinical improvement. Differences in age, BMI, CCl, and Max
WHO score were evaluated with a Mann Whitney U test; sex, invasive mechanical ventilation, and deceased were evaluated with a y? test. P values are for
comparisons between dexamethasone and no dexamethasone patients, as appropriate. Unless stated differently, median, IQR, and available N are shown.
BMI, body mass index; CCl, Charlson comorbidity index.
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duration of 9 days (IQR 8-10), initiated at a median of 8 days (IQR 6-11) after symptom onset. The study flow
chart and details on the overlap of individuals between study visits are shown in Figure 1. Severely affected
patients were older than those with mild infection, predominantly male, and had a higher weighted comorbidity
index. D* and D~ patients were of comparable age, sex distribution, and Charlson comorbidity index. The pro-
portion of deceased patients was slightly lower in D* versus D~ patients, without reaching statistical significance,
and there were no deaths in the group of patients with mild to moderate COVID-19 (see Table 1).
Dexamethasone-treated COVID-19 patients have a different evolution of inflammatory markers as compared
with nontreated patients. In order to analyze the potential impact of dexamethasone on the inflamma-
tory response during the acute phase in our patient groups, we first compared the course of standard
laboratory parameters known to be associated with disease severity in COVID-19, including C-reactive
protein (CRP), procalcitonin (PCT), lactate dehydrogenase (LDH), and total neutrophil granulocyte
counts (Figure 2 and Supplemental Figure 1; supplemental material available online with this article;
https://doi.org/10.1172/jci.insight.166711DS1) as well as IL-6, ferritin, total leucocyte counts, and
total lymphocyte counts (Supplemental Figure 2) from day 1 until day 28 after symptom onset. Using
linear mixed models, we found a significantly different evolution of inflammatory markers in D* when
compared with D~ patients for CRP (P = 0.003), PCT (P = 0.024), LDH (P = 0.041), IL-6 (P = 0.009),
and neutrophils (P = 0.035). As expected, mildly affected patients had different slopes of inflammatory
markers over time as compared with D* (Figure 2 and Supplemental Figures 1 and 2).
Dexamethasone-treated patients have lower frequencies of SARS-COV-2 spike—reactive T cells than nontreated patients
during the acute phase of infection but not at 6-month followup. To detect SARS-CoV-2 spike—specific T cells, PBMCs
were stimulated with a SARS-COV-2 spike S1 peptide pool and stained for activation markers and cytokines.
‘When comparing CD4" T cells after stimulation, we observed significantly lower frequencies of CD40L*C-
D137*CD4" T cells in D* versus D patients in the acute phase of infection under dexamethasone treatment
at week 2 (Figure 3A and Supplemental Table 1). A similar trend was observed for all other marker combi-
nations, although not reaching statistical significance (Figure 3A and Supplemental Figure 4A). These lower
frequencies of reactive CD4" T cells in D* patients were further observed for all marker combinations at month
1 and month 3, i.e., after the end of dexamethasone treatment, with differences for CD40L*IL-21*CD4* T cells
at month 1 and both CD40L*TNF-a*CD4* and CD40L*IFN-y*CD4* T cells at month 3 reaching statistical
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Figure 2. Courses of standard laboratory values during the acute phase are different in severely affected COVID-19 patients with and without dexa-
methasone treatment and mildly affected patients. Standard laboratory values C-reactive protein (CRP) (A), procalcitonin (PCT) (B), lactate dehydroge-
nase (LDH) (C), and absolute counts of neutrophil granulocytes (D) over time in mildly affected patients (black) and severely affected patients treated with
dexamethasone (D", red) and without dexamethasone (D", blue) from symptom onset until day 28 post symptom onset (PSO) are shown. Medians of at
least 3 individuals per time point are plotted. Dotted lines indicate median start (day 8 PSO) and end (day 17 PSO) of dexamethasone treatment in the D*
group. Slopes of the standard laboratory values were compared using mixed linear models for longitudinal comparison.

significance (Figure 3C, Supplemental Figure 4A, and Supplemental Table 1). At month 6, the differences
between treated and untreated patient groups had evened out and there were similar frequencies of CD4" T cell
subsets in D* and D~ patients (Figure 3D and Supplemental Figure 4A).

Further, we observed lower frequencies of S1-reactive CD40L*TNF-a*CD4" T cells in mildly affected
compared with D~ patients at month 3 (Figure 3C and Supplemental Table 1) and a trend for most marker
combinations between week 2 and month 3 (Figure 3, A and B, Supplemental Figure 4A, and Supple-
mental Tables 1 and 2). The differences between the mildly affected and D~ groups evened out at month 6
(Figure 3D and Supplemental Figure 4A).

When comparing CD8" T cells upon S1 stimulation, there were no significant differences between
D* and D- patients across all time points and no trend was observed. Mildly affected patients showed
a trend toward higher frequencies of spike-reactive CD8* T cells in comparison with both D~ and D* at
week 2 and month 3 (Supplemental Figure 5A).
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Figure 3. Frequencies of spike-reactive T cells are different in severely affected COVID-19 patients with and with-
out dexamethasone treatment and mildly affected patients. Frequencies of CD40L*CD137* and CD40L*TNF-a* cells
as percentage of CD4* T cells after stimulation with a SARS-CoV-2 spike S1 peptide pool are shown. CD4* T cells were
measured in severe COVID-19 patients treated with dexamethasone (D*, red) or without (D, blue) and mildly affected
patients (black) at week 2 (A), month 1 (B), month 3 (C), and month 6 (D) after symptom onset. Medians and IQR are
shown. Statistical testing was performed using Kruskal-Wallis test with Conover’s test for multiple comparisons.

In summary, we found lower CD4" spike-reactive T cell frequencies under dexamethasone treatment or
shortly after, but these differences evened out 6 months after symptom onset. Mildly affected patients had lower
reactive CD4* T cell frequencies than severely affected COVID-19 patients without dexamethasone treatment.

Early, but not long-term, IgG response and neutralizing activity are impaired in dexamethasone-treated severe
COVID-19 patients. To study the adaptive humoral immune response following infection and dexamethasone
treatment, we first quantified receptor binding domain-binding (RBD-binding) IgG titers. The group of D*
patients showed lower median titers than D~ patients at week 2, i.e., during acute infection (Figure 4A and
Supplemental Table 1). However, no difference in IgG titers between the 2 groups were observed at later time
points between 1 and 6 months after symptom onset. Mildly affected patients showed significantly lower medi-
an RBD IgG levels in comparison with D~ and also D* patients at all time points (Figure 4, A, C, E, and G, and
Supplemental Table 1). Of note, at 6 months after symptom onset, 18.9% (7/37) of all convalescent patients
after mild to moderate infection showed IgG titers below the cutoff for reactivity (Figure 4G).
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Figure 4. Early, but not long-term, antibody responses are different in severely affected COVID-19 patients with and without dexamethasone treatment.
RBD-binding IgG titers (A, C, E, and G) and serum neutralization activity depicted as 1D titers in pseudovirus neutralization testing against B.11.7 and B.1.617.2 at
week 2, month 1, month 3, and month 6 after symptom onset (B, D, F, and H) in mildly affected patients (black) and severely affected treated with dexametha-
sone (D*, red) and without dexamethasone (D", blue). Geometric means with 95% Cl are shown. Black numbers indicate geometric means. Statistical testing was
performed using Kruskal-Wallis test with Conover’s test for multiple comparisons. Dotted lines indicate cutoff for reactivity or neutralization.

In order to compare the virus-neutralizing activity between the 3 groups, serum neutralization was mea-
sured against the B.1.1.7 and B.1.617.2 spike proteins in a lentivirus-based pseudotype assay. Consistently, D*
patients had significantly lower 50% serum inhibitory dilution (serum ID, ) titers against B.1.1.7 early after
infection at month 1 compared with D~ patients (Figure 4B and Supplemental Table 1). The group of D*
patients also showed a trend toward lower neutralizing titers against B.1.617.2 at month 1, as well as against
both B.1.1.7 and B.1.617.2 at month 3 (Figure 4, B, D, and F, Supplemental Table 1), whereas no differences
between both groups were observed at month 6 (Figure 4H and Supplemental Table 1).

Mildly affected patients had lower serum 1D, titers against both spike variants compared with both D~ and
D* patients at all time points (Figure 4, B, D, F, and H, and Supplemental Table 1). In congruence with the over-
all lower RBD IgG levels of the mildly affected patients at month 3, 16% (4/25) and 40% (10/25) of patients in
this group had no serum neutralizing activity against B.1.1.7 and B.1.617.2, respectively (Figure 4F). At month
6, this was true for 23% (8/35) and 40% (14/35) of patients, respectively (Figure 4H).

In summary, dexamethasone treatment resulted in lower antibody levels at week 2 and lower virus-neu-
tralization activity against B.1.1.7 (by trend also for B.1.617.2) at month 1, i.e., under dexamethasone treat-
ment or shortly after, but these differences evened out the following months. From month 3 after symptom
onset, antibody levels and neutralizing capacity were similar in the treated and untreated severe group and
remained higher than those of the mildly affected patient group throughout the observation period.

Dexamethasone-treated and untreated recovered COVID-19 patients show comparable T cell and antibody
response after booster immunization, which are higher than those in mildly affected recovered patients and double-vac-
cinated controls. In order to determine the effect of booster immunization after infection, we compared
SARS-CoV-2 spike—reactive T cells, RBD-binding IgG titers, and serum neutralization activity against
B.1.1.7, B.1.617.2, and BA.2 spike proteins after 1 dose of a COVID-19 vaccine in all 3 convalescent
patient groups. Median time from symptom onset until first immunization was 204 days (IQR 180-257)
for mildly affected patients, 194 days (IQR 172-242) for D*, and 373 days (IQR 252-379) for D~ patients.
Median time from immunization until biosampling was 30 days (IQR 21-73) for mildly affected, 49
days (IQR 16-102) for D*, and 13 (IQR 7-51) for D~ patients. We used samples from individuals with-
out history of SARS-CoV-2 infection vaccinated with 2 doses of an mRNA COVID-19 vaccine (Pfizer
BioNTech, BNT162b2) (median time between first and second vaccination 21 days, IQR 21-21; median
time between second vaccination and sampling 27 days, IQR 26-28) as controls. The control group of
vaccinated individuals was comparable to pooled mildly and severely affected COVID-19 patients in age
(59 years, IQR 44.5-77.7, versus 57 years, IQR 44-66; P = 0.257) and sex distribution (64% male, 9/14,
versus 67% male, 140/208; P = 0.817).

There was no statistically significant difference in spike-reactive CD4* T cells, RBD IgG, and serum
ID,, titers between D* and D~ patients after immunization. However, reactive CD4* T cell frequencies
as well as IgG and serum ID, titers in both D~ and D* patients were higher than those observed in
convalescent patients after mild infection, and interestingly also compared with the double-vaccinated
controls (Figure 5, Supplemental Figure 6, and Supplemental Tables 1 and 2). With the exception of
1 D* patient and 1 vaccine control, all patients and vaccine controls had reactive IgG titers and neu-
tralizing capacity against B.1.1.7 and B.1.617.2. The same D" patient (6.3%, 1/16) and 23.1% (3/13)
of the group of mildly affected convalescent patients and 50% (5/10) of all vaccine controls failed to
neutralize BA.2 (Figure 5C).

To further investigate potential differences in postimmunization immunity in patient cohorts with dif-
ferent disease severity, we pooled D* and D~ patients as “severe” and compared them to mildly affect-
ed patients and vaccine controls. Indeed, postimmunization spike-specific CD40L*CD137*CD4* and
CD40L*TNF-a*CD4" T cell frequencies, IgG titers, and neutralization titers against all spike proteins were
significantly higher in the severe group compared with the mildly affected convalescent patients and com-
pared with the vaccine control group (Supplemental Figure 7 and Supplemental Table 2). Interestingly,
there were no significant differences between convalescent patients after mild infection and the vaccine
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control group regarding median frequencies of spike-reactive CD4* T cells and IgG titers (Figure 5, Supple-
mental Figure 6, and Supplemental Tables 1 and 2).

Discussion

Severe COVID-19 is marked by a sustained proinflammatory response and subsequent tissue damage (39),
potentially leading to organ failure and need for oxygen therapy or invasive mechanical ventilation and oth-
er organ replacement therapies (1). Therefore, management of SARS-CoV-2 infection in the acute phase is
critical. Immunotherapeutic agents play a crucial role in the attempt to rebalance the host immune response
in order to lower morbidity rates (33). Dexamethasone treatment starting on day 7 after symptom onset sig-
nificantly reduced mortality in patients requiring oxygen therapy in the RECOVERY trial, with the greatest
effect being shown in patients requiring mechanical ventilation (34). Dexamethasone is a long-acting, inex-
pensive, and readily available glucocorticoid, has a well-known safety profile, and has been in clinical use
for a wide range of inflammatory conditions for decades. The immunosuppressive effect of dexamethasone
is based on its binding to the glucocorticoid receptor and antagonizing transcription of proinflammato-
ry genes (40). Yet, its long-term effect on adaptive immunity in infectious diseases such as COVID-19 is
poorly understood (41). This work represents a comparative longitudinal analysis of adaptive immunity
in immunocompetent severely affected patients with and without dexamethasone treatment and mildly to
moderately affected COVID-19 patients based on observational data.

We observed a different evolution of CRP, PCT, IL-6, LDH, and neutrophils over time associated with
dexamethasone treatment during the acute phase of the disease. Our results corroborate previous studies,
which showed that dexamethasone attenuates the inflammatory response in a Syrian hamster SARS-CoV-2
infection model (42) and mediates neutrophil suppression in COVID-19 acute respiratory distress syn-
drome patients (43).

Our results indicate that SARS-CoV-2 spike-reactive CD4* T cells are transiently lower under dexametha-
sone treatment and up to 3 months after infection. Glucocorticoids are known to affect T cell activation in var-
ious manners, for instance by decreasing antigen presentation in antigen-presenting cells and interfering with T
cell receptor signaling and T cell polarization (40, 44, 45). Several studies suggest that the inhibitory effects of
glucocorticoids especially act on Th17 and Th1 cells (40, 44, 45). In accordance with this, we saw a trend for
lower frequencies of IFN-y*, TNF-a*, and IL-21* Sl-reactive CD4* T cells, cytokines known to be produced
particularly by Th17 and Th1 cells. We also observed a different evolution of IL-6 values, a Th17 cell-promot-
ing factor, during the acute phase in patients treated with dexamethasone. Deeper phenotyping of spike-reac-
tive CD4" T cells in patients treated with and without dexamethasone should be performed to further confirm
our findings in the future. Our results suggest that the effect of dexamethasone on CD8* T cells is less profound,
as similar frequencies of spike-reactive CD8" T cells were observed in D* and D~ patients. These results need to
be treated with caution, as the S1 peptide pool used in our study is known to elicit less-pronounced responses
in CD8* T cells. We further observed lower RBD-binding IgG levels and serum-neutralizing activity associated
with dexamethasone treatment up to 1 month after infection.

The data thus confirm an immunosuppressive effect of dexamethasone on T cell and B cell immunity
during and early after treatment in severely affected COVID-19 patients. However, considering reported over-
shooting immune responses in severe COVID-19 (9, 10), one could also argue that the nontreated D~ group
shows an exaggerated T cell response, which is prohibited by dexamethasone treatment. This is supported by
our data, where spike-reactive CD4" T cell levels in the D* group were more similar to those in the mild group.
It remains to be further elaborated whether it is rather a suppressed response or prevention of an exaggerated
response in the D* group. Reassuringly, this difference evened out 6 months after infection.

We have previously reported that dexamethasone administration within standard-of-care does not lead to a
delay until seroconversion or time until peak antibody response in COVID-19 patients using a semiquantitative
S1IgG ELISA (38). Similar results were found by another study that investigated COVID-19 patients with and
without prednisolone treatment at a dose comparable to that used in our study, using the same semiquantitative
S1 IgG ELISA (37). A study with 67 participants described no significant differences in quantitative S1 RBD
IgG and neutralizing antibody titers at 6 and 12 months after symptom onset, but a trend toward lower neutral-
izing antibody titers in the subgroup of patients receiving oxygen greater than 2 L/min that were treated with
steroids (46). However, there can be some heterogeneity in outcomes depending on the type and dose of corti-
costeroids as well as treatment duration. For example, one study described no differences in both S1 and N IgG
seropositivity until 100 days after high-dose corticosteroid pulses over 3 days after adjusting for confounders (35).
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Figure 5. Comparable T cell and antibody response after single immunization in severely affected recovered patients with and without dexamethasone
treatment in the acute phase. Comparison of spike-reactive T cells (SRT) (A), RBD IgG titers (B), and serum 1D, titers (C) in mildly affected patients (black)
and severely affected patients treated with dexamethasone (D", red) and without dexamethasone (D", blue) during the acute phase who received a single
immunization after infection and controls without history of SARS-CoV-2 who received 2 doses of mRNA vaccine (gray). A: Frequencies of S1-reactive
CD40L*CD137*CD4* and CD40L*TNF-a*CD4* T cells. Medians and IQR are shown. B: RBD IgG titers and C: serum ID, | titers against B.1.1.7 and B.1.617.2 and
BA.2. Geometric means with 95% Cl are shown. Black numbers indicate geometric means, dotted lines indicate cutoff for reactivity/neutralization. Statis-
tical testing for all panels was performed using Kruskal-Wallis test with Conover’s test for multiple comparisons.

We observed a different evolution of soluble markers of inflammation and tissue damage in mildly affect-
ed versus severely affected COVID-19 patients during the acute phase. Our study also shows a more short-
lived adaptive immune response in mildly affected versus severely affected COVID-19 patients, which is in
line with findings from previous studies (47). Remarkably, from month 3 on, 40% of mildly affected patients
in our cohort failed to show neutralizing serum capacity against the Delta variant of concern. This finding
may argue for a vaccination of mildly affected convalescent individuals early after acute COVID-19.

Lastly, our data add evidence to the now well-established concept of hybrid immunity (32). Our data
particularly demonstrate a significantly stronger immune response to a first booster immunization in severely
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affected compared with mildly affected convalescent patients, and also to double-vaccinated healthy con-
trols. This boost in neutralizing antibody levels was similar for patients with or without dexamethasone
treatment during infection, again supporting that dexamethasone treatment does not affect long-term B and
T cell immunity to SARS-CoV-2.

Our study has several limitations. All analyses are based on observational studies. A complete followup
of all patients was not possible; thus, there was considerable variability of individuals across followup time
points, making data subject to interindividual differences in T cell and antibody results. Lastly, some groups
had limited sample sizes, especially for the time point after immunization.

In conclusion, we show that dexamethasone treatment for severe COVID-19 affects short-term adap-
tive immunity, while long-term immunity remains unaffected. After a first booster immunization in conva-
lescent patients, no effect of prior dexamethasone treatment on adaptive immune responses could be found,
a reassuring finding of importance for vaccination recommendations.

Methods

Study cohort. Clinical data, standard laboratory values, and biosamples were obtained from adult individ-
uals included in 4 prospective observational cohort studies: the Pa-COVID-19 study cohort for patients
presenting to the hospital or outpatient clinic with a positive SARS-CoV-2 PCR, the COVIMMUN study
as a prospective health-care-worker cohort aiming at identifying risks for infection with COVID-19, and
from 2 prospective cohort studies investigating safety and immunogenicity of COVID-19 vaccines: EICOV
for health-care workers and COVIMMUNIZE for persons 70 years and older. All studies were conducted
at Charité Universitdtsmedizin Berlin from March 2020 on and by the same study team. Overlapping case
report files and questionnaires were used and sample collection, processing, and biobanking were identical.
Clinical data were documented as described previously (48). For all included individuals with COVID-19,
symptom onset was registered according to self-reporting of patients or close-contact persons. Information
on racial and ethnic categories were incomplete and could not be analyzed. Charlson comorbidity index
(49) was documented for all patients with available data and WHO score for clinical improvement (50) was
documented throughout hospital stay for hospitalized patients and according to self-reporting in nonhospi-
talized patients. A maximum WHO score of 3 or lower was defined as mild to moderate and a maximum
WHO score of 4 or higher as severe disease.

All severely affected patients with available biosamples from at least 1 visit from the Pa-COVID-19
study cohort were included. The protocol and cohort have been described elsewhere (48, 51). The study is
registered in the German and WHO international clinical trials registry (DRKS00021688). Patients were
treated according to national guidelines: treatment with 6 mg dexamethasone orally or intravenously was
introduced as standard-of-care shortly after the press release of the RECOVERY trial on June 16, 2020, in
patients fulfilling the criteria of 7 or more days of symptom duration and requiring at least supplemental
oxygen therapy (i.e., WHO score = 4). Throughout the hospitalization period, patients received regular
study visits and outpatients were invited to followup visits at week 6, month 3, and month 6 after symptom
onset in our outpatient department. Healthcare workers and vaccine cohort participants were invited to
contact the study team upon a positive SARS-CoV-2 PCR for sampling. Participants of the COVIMMUN
study were invited to followup visits between 6 and 12 months after inclusion. Participants of the vacci-
nation cohorts were enrolled before the first vaccination, and followup visits were conducted 3—4 weeks
after the first and second vaccination, respectively. Patients with mild infection were included from the
Pa-COVID cohort as well as from healthcare worker cohorts (EICOV study and COVIMMUN study)
based on self-reporting of infection upon a positive test or at followup visits.

We excluded individuals with immunosuppression (at least one of the following: immunodeficiency,
immunosuppressive therapy [prednisolone equivalent of > 5 mg/day and/or any other immunosuppressive
agents] within 90 days, chemotherapy within 90 days, history of organ transplant, HIV infection, active
lymphoma, or leukemia) prior to onset of symptoms and severely affected patients having received doses of
dexamethasone or other glucocorticoids not equivalent to 6 mg dexamethasone/day.

Booster immunization. Booster immunizations were recommended in Germany for recovered patients
beginning at the end of March, 2021. Sixteen mildly and 25 severely affected (16 D* and 9 D) patients
had already received a first booster immunization when presenting to followup visits. Of these 41 patients,
40 had received 1 dose of an mRNA vaccine and 1 had received a dose of vector-based vaccine at the
time of biosampling. Participants enrolled in the EICOV and COVIMMUNIZE studies without history of
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SARS-CoV-2 infection, negative S1 antibodies at enrollment, negative anti-nucleocapsid antibodies during
followup, and with comparable age and sex distribution as the convalescent patients who were included as
vaccine controls.

Standard laboratory data. All standard laboratory analyses were conducted according to standard-of-care
in accredited laboratories at Charité Universitdtsmedizin Berlin and extracted from patient files for further
analyses. Values below the lower limit of detection (LLD) for CRP (LLD 5 mg/dL), IL-6 (LLD 1.5 ng/L),
and PCT (LLD 0.5 pg/L) were set to half the value of the LLD. Medians of all patients with available
laboratory measurements of the respective day were plotted, and values were excluded in cases of fewer
than 3 replicates.

Biosampling. Biosampling was performed within the study protocols at inclusion and at regular study
and followup visits. Serum samples were centrifuged at room temperature and stored undiluted in aliquots
at —80°C until further use. PBMCs were isolated from heparinized whole blood by density gradient centrif-
ugation. PBMCs were frozen in cryopreservation medium and stored at —150°C until further use.

Samples taken in defined timeframes after symptom onset were included for further analyses: (a) at
“week 2”7 (W2), 26 and <18 days, i.e., under dexamethasone treatment where applicable; (b) at “month 1”
(M1), >18 and <60 days, i.e.; shortly after dexamethasone treatment; (c) during followup visits at “month
3” (M3), >60 and <140 days; and (d) “after month 6” (M6), >140 days after symptom onset. If patients
had received a booster vaccination at followup visit, respective samples were excluded from analyses of
followup time points and included in the postimmunization subgroup.

For vaccine controls, samples of vaccinated participants with no history of COVID-19 obtained 20-30
days after the second dose of vaccination with BNT162b2 were included.

T cell stimulation. Frozen PBMCs were thawed in prewarmed medium (RPMI 1640 [Gibco], 2%
FCS [Sigma-Aldrich], and 0.01% Pierce Universal Nuclease [Thermo Fisher Scientific]) on the day of
analysis. A total of 200,000 cells (2 x 10°/mL) were seeded per well in complete medium (RPMI 1640,
10% heat-inactivated human AB serum [Pan Biotech], and 1% penicillin/streptomycin [Sigma-Aldrich])
in 96-well round-bottom plates (1—4 replicates per stimulation condition, depending on cell counts but to
keep conditions within wells constant) and rested for 4 hours at 37°C and 5% CO,. Cells were then stimu-
lated with 1 pg/mL PepMix SARS-CoV-2 spike glycoprotein pool S1 (JPT) and anti-CD28 (Ultra-LEAF
purified anti-human CD28 antibody, Biolegend, 302934). For stimulation controls, cells were incubated
with DMSO only (unstimulated) or 1 pg/mL staphylococcal enterotoxin B (SEB) (Sigma-Aldrich) only.
All conditions were incubated for 16 hours at 37°C and 5% CO,, and Brefeldin A (eBioscience, 00-4506-
51) was added after 2 hours.

Flow cytometry. For flow cytometry staining, cells of replicate wells were pooled and washed with PBS.
Cells were incubated with Zombie UV live/dead stain (BioLegend) and Trustain human FcX (BioLegend)
for 15 minutes at 4°C and washed with FACS buffer (PBS, 2% FCS, 1 mM EDTA). Cells were then perme-
abilized using an eBioscience Foxp3/Transcription Factor Staining Buffer Set (Invitrogen) for 30 minutes at
room temperature. Intracellular staining with fluorochrome-coupled antibodies was performed for all mark-
ers in titrated optimal concentrations (CD3-BV605 [clone UCHT1], CD4-APC-Fire750 [clone RPA-T4],
CDS8-AF700 [clone RPA-T8], CD137/4-1BB-BV421 [clone 4B4-1], CD154/CD40L-PE [clone 24-31],
granzyme B-FITC [clone GB11], IFN-y—PE-Cy7 [clone 4S.B3], TNF-0—PerCP-Cy5.5 [clone Mab11] [all
BioLegend], and IL-21—eFluor660 [clone 3A3-N2, eBioscience]) for 30 minutes at 4°C. All samples were
measured on a CytoFLEX LX (Beckman Coulter) using the CytExpert software. Data were analyzed using
FlowJo v10.8.0 (BD Biosciences).

To analyze the frequencies of reactive T cells, frequencies from the respective unstimulated samples
were subtracted. If the resulting values were less than 0, they were set to 0 for the following analyses. To
plot the values on a log scale, all values below 0.001 were set to 0.001, which was lower than the lowest
measured frequency.

Quantitative assessment of SARS-CoV-2 RBD-binding IgG. SARS-CoV-2 RBD IgG titers were measured
by chemiluminescent microparticle immunoassay, using the SARS-CoV-2 IgG II Quant assay (Abbott) on
the Alinity i (Abbott). According to manufacturer’s recommendations, IgG titers of 7.1 binding antibody
units (BAU)/mL or higher were interpreted as reactive. A titer of 11,360 BAU/mL corresponded to the
upper limit of quantification. For measurements (# = 4) where IgG values exceeded 11,360 BAU/mL, the
value was set to 11,360 BAU/mL. For measurements with IgG levels below the cutoff of 7.1 BAU/mL, the
values were set to 1.0 for plotting graphs and statistical analysis.
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Serum neutralizing activity using a SARS-CoV-2 spike pseudovirus assay. Serum neutralization was measured
in serum samples using a lentivirus-based spike-pseudotyped pseudovirus neutralization assay. SARS-
CoV-2 pseudovirus particles were generated by cotransfection of individual plasmids encoding HIV Tat,
HIV Gag/Pol, HIV Rey, firefly luciferase followed by an IRES and ZsGreen, along with the SARS-CoV-2
spike protein into HEK 293T cells using the FuGENE 6 Transfection Reagent (Promega). Spike sequenc-
es from the B.1.1.7 (Alpha) variant, B.1.617.2 (Delta) (52) and Omicron BA.2 variant (24) were used to
measure serum neutralization, as described previously (12). Briefly, serum samples were heat inactivated
at 56°C for 45 minutes and 3-fold serial dilutions of serum were coincubated with pseudovirus superna-
tants for 1 hour at 37°C, following which HEK 293T cells expressing the SARS-CoV-2 receptor angio-
tensin-converting enzyme-2 (ACE-2) (53) were added. After a 48-hour incubation at 37°C and 5% CO,,
luciferase activity was determined by addition of luciferin/lysis buffer (10 mM MgCl,, 0.3 mM ATP, 0.5
mM coenzyme A, 17 mM IGEPAL [all Sigma-Aldrich], and 1 mM D-luciferin [GoldBio] in Tris-HCI) and
measured on a microplate reader (Berthold). The background relative light units (RLUs) of noninfected
cells were subtracted and serum ID,; was calculated as the serum dilution resulting in a 50% reduction in
RLU compared with the untreated virus controls. This was done by plotting an agonist-versus-normalized
dose-response curve with variable slope in GraphPad Prism 7.0. Values below the LLD (serum ID of 10)
were assigned a value of 5 for plotting of graphs and statistical analysis.

Statistics. Quantification and statistical analyses were conducted with JMP v15.0 (https://www.jmp.
com/en_us/home.html) for clinical data and with R v4.0.5 (https://www.r-project.org/) for comparative
analyses of all laboratory data. Distribution of continuous variables is shown as median and IQR or geo-
metric mean with 95% CI as indicated, and graphs were made using GraphPad Prism 8 and Inkscape 1.2.
The graphical abstract and study flow chart were created with BioRender.com.

Longitudinal analysis of standard laboratory values was conducted using linear mixed effects mod-
els with subject-specific random effects and population-specific fixed effects to compare slopes between
the groups. Comparative analyses between groups for reactive T cells and IgG and serum ID, titers was
performed by applying unpaired Kruskal-Wallis tests with subsequent Conover post hoc tests using FDR
correction for multiple comparisons and adjusted P values are reported. A P value of less than 0.05 was
considered significant.

Study approval. All studies were approved by the local ethics committee (Pa-COVID: EA2/066/20,
COVIMMUN: EA1/068/20, EICOV: EA4/245/20, COVIMMUNIZE: EA4/244/20), and conduct-
ed according to the Declaration of Helsinki and Good Clinical Practice principles (ICH 1996). Written
informed consent was obtained from all participants.
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