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Introduction
In February 2020, Zhu and colleagues described a novel coronavirus 
named 2019-nCoV detected in patients with pneumonia of unknown 
cause in Wuhan, China (1, 2). Infection with the severe acute respirato-
ry syndrome coronavirus (SARS-CoV-2) causes COVID-19, an illness 
of varying degrees. The vast majority of COVID-19 cases present with 
a mild or moderately symptomatic infection. However, a subset of 
individuals progress to develop severe disease and there is increasing 
evidence that critical cases are driven by dysregulated host immune 
responses to SARS-CoV-2 infection, allowing virus persistence and 

causing lung damage and systemic inflammation (3–6). Infectious 
diseases change metabolic processes, e.g., in infected cells to support 
viral replication or in immune cells fighting the infection. Codo and 
colleagues reported that SARS-CoV-2–infected monocytes upregulate 
glycolysis and elevated glucose levels support viral replication and 
proinflammatory cytokine expression (7). These data suggest a link 
between cellular metabolism and systemic host metabolism for dis-
ease progression. In line with this, patients with type 2 diabetes have 
a greater risk of developing severe disease (8). Obesity, together with 
age, is the major risk factor for diabetes, hyperglycemia, and dyslipid-
emia that can result in an imbalance in T cell subpopulations (9). Inter-
estingly, systemic metabolic changes were observed in COVID-19 
patients (10) and metabolic treatment with cholesterol-lowering drugs 
such as statins can reduce COVID-19 mortality (11).

T cells are central players in adaptive immunity and are essen-
tial for controlling viral infections, including SARS-CoV-2 (12). To 
initiate an immune response, pathogen-specific T cells need to acti-
vate and to expand. This is accompanied by an extensive metabolic 
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uble basigin is a marker of inflammation (30). Moreover, basigin 
can mediate the entry of various viruses (31–33), including SARS-
CoV and SARS-CoV-2 (34, 35). Intriguingly, viral proteins often do 
not directly interact with basigin but bind to cyclophilins (CyPs), 
which are basigin ligands (31, 34). Cyclophilin A (CyPA) plays a crit-
ical role in viral replication and CyP inhibitors such as cyclosporine 
A (CsA) or alisporivir can block viral replication (31, 36, 37). Given 
the roles of basigin and CyPs in viral diseases, clinical trials blocking 
basigin or CyPs are underway for treating hospitalized COVID-19 
patients (NCT04275245, NCT04586153 [a phase II/III trial], and 
CYCLOVID trial NCT04608214). Interestingly, the basigin ligand 
CyPA has been described as the most relevant marker for COVID-19 
(38). Apart from its role in virus entry, basigin tightly associates with 
GLUT1, the amino acid transporter CD98, the lactate transporters 
(monocarboxylate transporters; MCT1, -3, and -4), and CD44, and 
is recognized by lectins such as galectin-3 and E-selectin (39). These 
molecular interactions explain the central role of basigin in energy 
metabolism, cell motility, and activation.

Metabolic features of immune cells strongly determine the 
outcomes of an immune response and a variety of publications 
reported dysregulated innate and adaptive immune pathways 
in COVID-19 patients. Up to now, immune cell metabolism was 
mainly analyzed in cryopreserved samples, which might blunt the 
metabolic phenotype. Therefore, we studied immune cell metab-
olism in freshly isolated blood samples of COVID-19 patient sub-
groups with different degrees of disease severity with or without 
preexisting metabolic comorbidities. Our data show T cell meta-
bolic changes in mitochondrial mass, architecture, and ROS pro-
duction as well as in fatty acid uptake in the course of disease that 
are (a) not related to classical activation markers, (b) stage spe-
cific, (c) basigin related, and (d) reversed in recovering patients 
to reach levels of healthy controls and non–COVID-19 patients. 
Finally, basigin ligation induced ROS, and dexamethasone treat-
ment mitigated ROS accumulation and basigin expression. Our 
data show that immunometabolic dysregulation contributes to the 
dysfunctional T cell response in COVID-19 patients.

Results
ROS accumulation in T cells from progressed COVID-19 patients 
is reversible and correlates with changes in mitochondrial mass and 
architecture. COVID-19 patients with severe disease experience 
immune dysregulation (40) and hypoxia (2). Hypoxia and other 
factors might induce ROS generation to drive the immunopathol-
ogy of COVID-19. We therefore analyzed intracellular ROS levels 
in peripheral blood immune cell populations (Supplemental Figure 
1A; supplemental material available online with this article; https://
doi.org/10.1172/JCI148225DS1) from age-matched, noninfected 
controls (see Methods, Study participants), asymptomatic and mild-
ly symptomatic SARS-CoV-2–positive subjects (no symptoms/mild 
group; Supplemental Tables 1 and 2), moderately ill (moderate; Sup-
plemental Tables 1 and 2), severely to critically ill patients (severe/
critical group; Supplemental Table 1), patients recovering from a 
severe/critical COVID-19 (recovering group; Supplemental Table 
1), and non–COVID-19 patients requiring intensive care (ICU non-
COVID; Supplemental Table 3). To accurately depict the in vivo 
metabolic state, samples were processed freshly without cryopres-
ervation or density gradient centrifugation.

reprogramming, and activated T cells increase expression of nutri-
ent transporters such as glucose transporter GLUT1 and enzymes 
involved in glycolysis (13). Furthermore, effector T cells contain 
higher numbers of mitochondria than naive cells (14). Mitochon-
dria produce ATP via oxidative phosphorylation (OXPHOS) and are 
important for cellular processes such as apoptosis (14) and antiviral 
defenses (15). Besides nutrients, OXPHOS requires oxygen, which 
is often limited in patients with COVID-19 (16). Extraordinarily low 
blood-oxygen levels are often found in infected patients and thus 
immune cells experience hypoxia and may induce hypoxia-inducible 
factors (HIFs) such as HIF-1α, a transcriptional effector of the hypoxic 
response. Some studies showed that HIF-1α functions as a negative 
regulator of T cell responses and that O2 is required for T cell effector 
functions (17). To preserve energy production and effector functions, 
T cells experiencing low O2 and glucose levels can enhance fatty acid 
catabolism as a metabolic escape mechanism (18, 19).

Reduced oxygen saturation and hypoxia lead to generation and 
accumulation of reactive oxygen species (ROS) by mitochondria 
(20). Disrupted mitochondrial metabolism and oxidative stress can 
drive heart disease (21) and immune dysfunction in HIV patients 
(22). Furthermore, ROS play an important role in the pathogen-
esis of viral infections and sepsis, and it has been suggested that 
COVID-19 pathogenesis is also related to hypoxia and oxidative 
stress (2, 23). As mitochondrial superoxide leads to aberrant T cell 
development, Case et al. suggested that manipulation of mito-
chondrial superoxide levels may significantly alter clinical out-
comes of patients with viral infections (24). Recent data suggested 
that immunometabolic dysregulation in COVID-19 might affect 
mitochondria and might lead to apoptosis (7, 25, 26). However, it 
remains unclear how these changes are mediated, whether they are 
pharmacologically targetable, and which surrogate parameters can 
be used to detect immunometabolic dysfunction in COVID-19.

Nevertheless, treatment of COVID-19 patients with antioxi-
dants has already been proposed (27). An alternative therapeutic 
target is CD147, also called basigin or extracellular matrix metallo-
proteinase inducer (EMMPRIN). Basigin is a transmembrane gly-
coprotein that interacts with several extracellular and intracellular 
partners. Basigin is also shed from the membrane (28, 29) and sol-

Figure 1. ROS accumulation in T cells from progressed COVID-19 patients 
is reversible and correlates with changes in mitochondrial mass and 
architecture. Blood was drawn and processed the same day. Erythrocytes 
were removed and immune cells were stained for population-specific 
surface markers. The results show comparisons between specified COVID-19 
patient subgroups, critically ill non–COVID-19 patients (ICU non-COVID), 
and healthy controls. (A) ROS levels, (B) mitochondrial content in CD3+ 
T cells, and (C) percentage of CD3+ cells among viable cells. MFI, median 
fluorescence intensity. (D) Cytosolic ROS levels, (E) mitochondrial content in 
CD14+ monocytes, and (F) proportion of CD14+ monocytes among the CD11b+ 
myeloid population. (G) Cytosolic ROS levels, (H) mitochondrial content 
in CD66b+ granulocytes, and (I) proportion of CD66b+ granulocytes among 
CD11b+ myeloid cells. Shown are representative histograms of ROS staining 
in CD3+ and CD14+ cells of each group. Shown is the median + SEM, and each 
symbol represents 1 donor. *P < 0.05; **P < 0.01; ***P < 0.001 by 1-way 
ANOVA with Bonferroni’s multiple comparisons test. Analysis of mitochon-
drial structure by electron microscopy in lymphocytes from healthy control 
cells, a COVID-19 patient with mild symptoms (J), of 2 COVID-19 patients 
with severe symptoms (K), and a critically ill non–COVID-19 patient (L). 
Scale bars: 10 μm. Shown are representative examples.
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specific T cells are reported to be approximately 0.1% of all T cells (41). 
In line with this, we used SARS-CoV-2–derived M, N, and S peptides 
and detected an ELISpot response translating to approximately 0.01% 
cells (thus approximately 0.1% T cells) being SARS-CoV-2 specific 
within peripheral blood mononuclear cells (PBMCs) (Supplemental 
Figure 1D). A general shift in mitochondrial content and ROS levels, 
affecting all analyzed cells in the studied samples, argues against a 
limitation to SARS-CoV-2–specific T cells.

While high basal ROS levels were observed in CD14+ mono-
cytes, no significant increase in the severe/critical group was 
observed. Nevertheless, low monocyte ROS levels were present in 
recovering patients and critically ill non–COVID-19 patients (Fig-
ure 1D). Mitochondrial mass was increased in CD14+ monocytes 
from critically ill COVID-19 patients, similar to T cells (Figure 1E). 
However, consistent with the high ROS tolerance of monocytes 
(42), monocyte and monocyte subpopulation frequencies were 

Intracellular ROS accumulation was observed in T cells from 
COVID-19 patients, specifically in those with severe/critical disease. 
In contrast, T cell ROS levels were low in patients recovering from a 
critical COVID-19 and matched the uninfected controls and critical-
ly ill non–COVID-19 patients (Figure 1A). Changes in redox balance 
can accompany mitochondrial metabolic reprogramming (20) and 
we observed an increase in mitochondrial mass in T cells from criti-
cally ill patients (Figure 1B). Increased mitochondrial mass correlated 
with low T cell frequencies, which remained low in recovering patients 
(Figure 1C and Supplemental Figure 1B). Moreover, in studying the 
frequencies of CD4+ and CD8+ T cells, we observed no changes spe-
cific to the severe/critical COVID-19 group, suggesting that both 
subsets are affected. Nevertheless, increased CD8+ T cell frequen-
cies were observed in patients with moderate disease (Supplemental 
Figure 1C). Metabolic defects might have been induced selectively 
in SARS-CoV-2–specific T cells. The frequencies of SARS-CoV-2– 

Figure 2. ROS-inducible and basigin-related gene expression in immune cells from patients with severe COVID-19. Blood samples from COVID-19 
patients (4 ICU, 2 recovering) and 4 healthy controls were enriched for PBMCs and cryopreserved. Cells were sorted according to specific surface markers, 
and RNA was extracted and subjected to stranded total RNA sequencing. Heatmaps presenting hierarchically clustered and scaled expression data of 
CD4+ T cells (A) or CD14+ monocytes (B). Shown are differentially expressed genes in severe/critical patients versus controls filtered for absolute logFC > 
1, logCPM and logRPKM > 1, and FDR < 0.05. Each column corresponds to an individual. The list and expression values of all regulated genes are in the 
supplemental material as well as a list of all read counts. Volcano plots of significantly up- or downregulated genes (red or blue) in CD4+ T cells (C) or 
CD14+ monocytes (D) of severe/critical patients with additional genes upregulated in CD4+ T cells but not in CD14+ monocytes (black). Genes with known 
function in transcriptional or metabolic processes are highlighted. Gene set enrichment analysis of candidate HALLMARK pathways in CD4+ T cells (E) or 
CD14+ monocytes (F). HALLMARK pathways include REACTIVE_OXYGEN_SPECIES_PATHWAY (ROS), TNFA_SIGNALING_VIA_NFKB (TNF), HYPOXIA, and 
basigin-interacting proteins (BAS), defined by STRING analysis (see Supplemental Figure 2). Enrichment P values were adjusted for multiple testing using 
Benjamini-Hochberg correction.
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Lastly, while patients with preexisting diabetes and/or obesity 
showed a further decrease in T cell counts, neither ROS accumula-
tion nor mitochondrial content of T cells was related to preexisting 
comorbidities (Supplemental Figure 1, G and H).

Collectively, T cells from patients with severe COVID-19 
accumulated ROS and showed an increased mitochondrial mass 
but low peripheral blood counts. These immunometabolic fea-
tures were reversible and correlated with a disrupted mitochon-
drial morphology.

ROS-inducible and basigin-related gene expression in T cells from 
patients with severe COVID-19 suggests basigin as a marker of T cell 
metabolic dysfunction. To determine whether the observed dys-
regulation in COVID-19 associates with transcriptional changes, 
we performed RNA sequencing (RNA-seq) of T cells and mono-
cytes from COVID-19 patients (4 severe/critical patients; 2 recov-
ering patients) and healthy controls (4 individuals). CD4+ T cells 
from COVID-19 patients from the severe/critical group showed 
significantly increased expression of 72 genes, while 24 genes 

not significantly impaired in blood of COVID-19 patients (Figure 
1F and Supplemental Figure 1E). Similarly, increased mitochon-
drial mass, but no ROS accumulation or changes in blood frequen-
cies of CD66b+ granulocytes, was observed in COVID-19 patients 
in the severe/critical group (Figure 1, G–I).

To correlate the observed metabolic phenomena with mito-
chondrial morphology, electron microscopy of PBMCs from criti-
cally ill COVID-19 patients was performed. In contrast to controls 
and cells from COVID-19 patients with mild disease (Figure 1J), the 
majority of lymphocytes from severe COVID-19 patients displayed 
alterations in the mitochondrial structure. We detected mitochon-
dria with membrane inclusions, mitochondrial swelling (dilated 
cristae), or mitochondria with almost invisible (washed out) cristae, 
indicating the accumulation of damaged mitochondria. In addition, 
enlarged mitochondria were observed (Figure 1K). No mitochondri-
al defects were detected in cells from critically ill non–COVID-19 
patients (Figure 1L). Moreover, the majority of monocytes showed 
no signs of structural aberrations (Supplemental Figure 1F).

Figure 3. Elevated basigin expression correlates with cytosolic ROS in severe/critical COVID-19 patients and can be triggered by hypoxia. (A–E) 
Blood was drawn and processed the same day. (A) Basigin expression determined on CD3+ cells and CD14+ cells. MFI, median fluorescence intensity. 
(B) Correlation of ROS and basigin in CD3+ and CD14+ cells, calculated by Spearman’s r, with single data points for controls in black and severe/critical 
patients in red. (C) Control samples were cultured with (stim.) or without (quies.) anti-CD3/anti-CD28 Dynabeads in normoxia or hypoxia for 10 days 
interrupted by 1-hour periods of normoxia on days 3, 5, and 8. On day 10, basigin expression (D) and mitochondrial ROS (E) were analyzed. Values 
normalized to corresponding treatment under normoxia are displayed. Each symbol represents 1 donor. In A, D, and E, summarized data are displayed 
as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by 1-way ANOVA with Bonferroni’s multiple comparisons test. Representative histograms are 
shown in D and E.
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were downregulated (Figure 2A). CD14+ monocytes showed a 
COVID-19–specific upregulation of 283 genes and downregu-
lation of 42 genes (Figure 2B). In both immune cell populations, 
metabolism-related genes were upregulated; however, the top hits 
specific to severe COVID-19 (later referred to as hallmarks) varied 
between monocytes and T cells. Whereas CD4+ T cells and mono-
cytes shared a COVID-19–specific upregulation of nicotinamide 
phosphoribosyltransferase (NAMPT), which protects against cell 
death induced by mitochondrial damage (43), other mitochon-
dria-related proteins, such as voltage-dependent anion-selec-
tive channel protein 1 (VDAC1), a key regulator of mitochondrial 
metabolism and cellular apoptosis (26, 44), or methylenetetra-
hydrofolate dehydrogenase/cyclohydrolase (MTHFD2), involved 
in redox homeostasis, were strongly increased in T cells only 
(Figure 2, C and D). The lactate-transporting MCT1 (also known 
as SLC16A1) was upregulated in CD4+ T cells, whereas lactate 
dehydrogenase A (LDHA) expression was elevated in monocytes. 
Interestingly, CD4+ T cells from COVID-19 patients also showed 
an increased expression of furin (FURIN), which was reported to 
activate SARS-CoV-2 (ref. 45 and Figure 2C).

Although the overlap on the single-gene level was limited, a 
gene set enrichment approach (46) identified pathways mutually 
regulated by both immune cell populations. CD4+ T cells and mono-
cytes showed a significant enrichment of genes related to TNF sig-
naling and, importantly, of genes associated with cellular responses 
to ROS-induced stress and hypoxia (Figure 2, E and F). In addition, 
we observed a signature of genes encoding proteins from the basi-
gin network (Figure 2, E and F, and Supplemental Figure 2).

Confirming the data obtained on the transcriptional level, T 
cell and monocyte basigin surface expression increased with dis-
ease severity (Figure 3A). In line with the observed T cell metabolic 
recovery in convalescent patients, basigin expression decreased 
during convalescence and was low in critically ill non–COVID-19 
patients (Figure 3A and Supplemental Figure 3A). Elevated basigin 

expression was detected in both T cell subpopulations, but not in 
granulocytes (Supplemental Figure 3B). Transcriptome analyses 
suggested basigin as a marker of T cell immunometabolic dysreg-
ulation. In line with this, accumulation of cytosolic ROS positively 
correlated with T cell basigin levels, indicating a biological inter-
dependence (Figure 3B). Monocytes showed high basal basigin 
expression but its correlation with ROS levels was weak (Figure 3B).

Severely ill COVID-19 patients experience recurrent hypoxic 
phases (2) and hypoxia has been previously shown to induce basi-
gin expression on tumor cells (47). We therefore cultured unstim-
ulated and stimulated control donor T cells in hypoxia, interrupted 
by short normoxic phases (Figure 3C). Hypoxia induced T cell bas-
igin expression and this effect was boosted by T cell receptor stim-
ulation (Figure 3D). Lastly, basigin induction was accompanied by 
production of mitochondrial ROS in T cells cultured in recurrent 
hypoxia, suggestive of mitochondrial defect induction (Figure 3E).

Taken together, our results show that T cells and monocytes 
from severely ill COVID-19 patients increase transcription of 
ROS-inducible and hypoxia-related genes as well as genes of the 
basigin network. Moreover, both immune cell populations show 
high expression of basigin. Basigin is induced by recurrent hypox-
ia and might serve as a cell-surface marker of T cell immunometa-
bolic dysregulation in COVID-19.

Increased fatty acid uptake is limited to T cells from mild 
COVID-19 and correlates with low basigin expression. Increasing 
evidence points to basigin as a regulator of cellular metabolism, 
as it tightly associates with transporters of amino acids and glu-
cose, likely coordinating glucose and amino acid metabolism (39). 
In addition, basigin signaling can inhibit fatty acid metabolism 
via modulation of PPARα in tumor cells (48). We performed dig-
ital tissue deconvolution (DTD) to dissect the heterogeneity and 
metabolic pathways of T cells from COVID-19 patients using pub-
licly available single-cell transcriptomic data (49). Leiden cluster-
ing was used to identify 14 unique clusters, 8 of which could be 
found using DTD in the CD4+ T cell bulk sequencing data. Cluster 
2, but no other clusters, was enriched in T cells from severely ill 
COVID-19 patients (Figure 4A and Supplemental Figure 4A) and 
was characterized by expression of hypoxia-related genes. Inter-
estingly, this cluster was also characterized by low expression of 
genes involved in fatty acid metabolism, glycolysis, and the TCA 
cycle (Figure 4B).

Functional metabolic studies were performed next and glu-
cose, fatty acid uptake, and the expression of the amino acid 
transporter CD98 of T cells from COVID-19 patients was assessed 
in fresh patient samples. T cell expression of CD98 was similar 
among the patient groups (Supplemental Figure 4B). DTD sug-
gested low glucose metabolism of COVID-19 T cells and in line 
with this, glucose uptake of CD4+ and CD8+ T cells was low and 
comparable to quiescent T cells from uninfected controls (Figure 
4C). Consistent with a metabolically quiescent phenotype, the 
expression of markers of activation and differentiation such as 
CD25 or PD-1 was similar in T cells from COVID-19 patients and 
controls (Supplemental Figure 4, C and D). Furthermore, no dif-
ferences were detected in the expression of the chemokine recep-
tor CCR7 on bulk CD4+ and CD8+ T cells (Supplemental Figure 
4E) and no significant accumulation of CD4+FOXP3+ Treg cells 
was observed (Supplemental Figure 4F).

Figure 4. Increased fatty acid uptake is limited to T cells from mild 
COVID-19 and correlates with low basigin expression. (A) Leiden clustering 
was used to identify 14 unique clusters in publicly available single-cell RNA-
seq data for CD4+ COVID-19 PBMCs, and 8 were detected in CD4+ T cell bulk 
sequencing data (Figure 2, A, C, and E) using digital tissue deconvolution. 
These are shown in colors in the UMAP embedding, while clusters estimat-
ed as zero are in gray scale. For better clarity, only 10% of the used data 
are shown. Cluster 2 estimates in CD4+ T cells from controls and severe/
critical COVID-19 patients are shown on the right. (B) Gene set enrichment 
analysis for selected gene sets. The horizontal axis shows the rank of each 
gene in cluster 2 compared to all others. Vertical marks show the position of 
a gene from the gene set in the ranking, and the red lines show either over 
(positive values) or under representation (negative values). FAD, fatty acid 
degradation. (C–H) Blood was drawn and processed the same day. Determi-
nation of 2NBDG uptake (C) and BODIPY 500/510 C1, C12 uptake (D) in CD4+ 
and CD8+ T cells, and correlation of both from corresponding measurements 
(E). FA, fatty acid; MFI, median fluorescence intensity. (F) Fatty acid uptake 
and 2NBDG uptake in CD4+ and CD8+ T cells plotted against basigin expres-
sion from the same sample. Comparison of 2NBDG uptake (G) and basigin 
expression (H) in CD4+ and CD8+ T cells in diabetic (DM)/obese (+) versus 
nondiabetic/obese (–) COVID-19 patients. Each symbol represents 1 donor. 
In C, D, G, and H, summarized data are displayed as mean + SEM. *P < 0.05; 
**P < 0.01 by 1-way ANOVA with Bonferroni’s multiple comparisons test  
(C and D) or Mann-Whitney U test (G and H).
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al mass, most prominently in the effector subtypes (Supplemen-
tal Figure 4J) and pooled analyses showed a positive correlation 
between mitochondrial mass and fatty acid uptake (Supplemental 
Figure 4K). Finally, T cells with high fatty acid uptake were low in 
basigin expression and vice versa, and no increased glucose uptake 
was observed in T cells with high basigin expression (Figure 4F).

As T cell glucose uptake was variable, we asked whether preex-
isting patient comorbidities contribute. Interestingly, diabetic and 
obese patients showed decreased glucose uptake by T cells com-
pared with controls, but increased basigin expression (Figure 4, G 
and H). In contrast, separation of patients according to cardiovas-
cular disease or age did not show significant differences in immune 
cell glucose or fatty acid uptake (Supplemental Figure 4, L and M).

Taken together, in contrast to basigin upregulation, our results 
show that the nutrient uptake capacity of T cells from severely ill 
COVID-19 patients was low, especially in patients with metabolic 
comorbidities. In addition, increased T cell fatty acid uptake was 
a hallmark of COVID-19 patients with no or mild symptoms and 
decreased during convalescence.

In line with the transcriptional data, we measured low fat-
ty acid uptake in T cells from severely ill COVID-19 patients, but 
interestingly, an increased fatty acid uptake was observed in CD4+ 
and CD8+ T cells from patients with no or mild symptoms (Figure 
4D). Suggestive of a metabolic switch, high fatty acid uptake was 
specific to T cells with low glucose uptake and vice versa (Figure 
4E). We next assessed the dynamics of this metabolic phenotype 
after complete disease resolution. Fatty acid uptake of CD4+ and 
CD8+ T cells as well as of their respective subsets was analyzed in 
3 COVID-19 patients from 1 family with mild symptoms over the 
course of 7 weeks after the onset of symptoms (Supplemental Fig-
ure 4G). Interestingly, the capacity of T cells to take up fatty acids 
decreased over time. Notably, this phenomenon occurred 4 weeks 
after the onset of symptoms and was observed in bulk CD8+ and 
CD4+ T cells as well as in major T cell subpopulations (Supple-
mental Figure 4H). Focusing on the time point with high fatty acid 
uptake at week 2 (w2), we did not observe any changes in cytosolic 
ROS accumulation (Supplemental Figure 4I). However, w2 T cells 
from mild COVID-19 patients showed an increased mitochondri-

Figure 5. Increased mitochondrial content, mitochondrial ROS, and disturbed mitochondrial function in T cells from COVID-19 patients cannot be ameliorated 
by dexamethasone. A second cohort (CII) of severe/critical COVID-19 patients receiving dexamethasone was analyzed. (A–C) Blood was drawn and processed the 
same day. (A) Mitochondrial content in T cells from controls and severe/critical patients of CII was analyzed beyond 19 days after intensive care unit (ICU) hospi-
talization and compared to cohort I (CI) and in CD4+ and CD8+ T cell subpopulations of CII. MFI, median fluorescence intensity. (B) Subset-specific expression of 
mitochondrial ROS in CII. (C) Citrate synthase (CS) activity, determined in T cells in which mitochondrial function was analyzed. Mitochondrial oxidative phosphor-
ylation (OXPHOS) capacity of complex I (I) and complex I+II (I+II), capacity of the electron transfer system (I+II, ETS; after uncoupling), and ETS capacity driven by 
complex II (II, ETS; after rotenone administration) were determined by high-resolution respirometry. (A–C) Each symbol represents 1 donor, and summarized data 
are displayed as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by Mann-Whitney U test (A and B subset-specific comparison).
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of COVID-19 patients (CII; Supplemental Table 2). All patients in 
the severe/critical group of cohort II received an early dexameth-
asone treatment, analogous to the RECOVERY trial (50). Consis-
tent with previous observations, severe COVID-19 associated with 
a notable T cell lymphopenia (Supplemental Figure 5A), affecting 
all T cell subpopulations (Supplemental Figure 5B). Comparative 

Dexamethasone-treated critically ill COVID-19 patients show 
altered mitochondrial function, but normalized ROS and basigin lev-
els in CD4+ T cells. Severely/critically ill COVID-19 patients showed 
disturbed T cell mitochondrial morphology, which might have 
been related to an impaired fatty acid metabolism. Thus, we inves-
tigated T cell mitochondrial respiratory function in a second cohort 

Figure 6. Dexamethasone mitigates ROS accumulation and basigin expression and related gene signatures in COVID-19 patient T cells. (A and B) Cohort 
2 (coh2) blood samples were enriched for PBMCs, cryopreserved, and processed (see Figure 2). Heatmaps presenting hierarchically clustered and scaled 
expression data (filtered for absolute logFC > 1, logCPM and logRPKM > 1, and FDR < 0.05) and gene set enrichment analysis of the HALLMARK pathways, 
as analyzed in CI (see Figure 2, E and F) of CD4+ T cells (A) or CD14+ monocytes (B). Shown are differentially expressed genes in severe/critical patients taken 
in the first 14 days after dexamethasone cessation (coh2 early) or beyond (coh2 late, time point comparable to CI; 3 samples each time point, 2 paired early 
and late patient samples). Displayed is the comparison with CI controls (see Figure 2, A–F). Each column corresponds to an individual sample. A list of all 
read counts can be found in the supplemental material. (C–F) Blood samples were drawn and processed the same day. (C) Cytosolic ROS levels of CD3+ T cells 
from controls and severe/critical patients of CI and CII analyzed in the same period of time after ICU hospitalization (see Figure 5A). MFI, median fluores-
cence intensity. (D) Cytosolic ROS levels in CD4+ and CD8+ T cells and CD14+ monocytes of CII grouped according to time point analyzed. (E) Basigin expression 
of CD3+ T cells from controls and severe/critical patients of CI and CII analyzed in the same period of time after ICU hospitalization (see Figure 5A). Basigin 
expression of CD4+ and CD8+ T cells and CD14+ monocytes of CII grouped according to time point analyzed (F). Each symbol in C–F represents 1 donor.  
*P < 0.05; **P < 0.01; ***P < 0.001 by Mann-Whitney U test (C and E) or 1-way ANOVA with Bonferroni’s multiple comparisons test (D and F).
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dexamethasone treatment (Figure 6A). CD14+ monocytes main-
tained the transcriptomic profile of hypoxia and TNF and basigin 
pathways; however, an enrichment of ROS-related genes was lost 
(Figure 6B). The transcriptomic data were reflected on the meta-
bolic level, as T cells did not accumulate ROS, in contrast to cohort 
I, after analyzing samples taken at comparable time points after 
hospitalization (Figure 6C). Next, we investigated these param-
eters in a time-dependent manner during dexamethasone treat-
ment in CD4+ and CD8+ T cells and monocytes (D, day 1 to day 
10), in the first 21 days after therapy (<21) and beyond (>21). ROS 
levels did not increase, suggesting durable dexamethasone effects 
(Figure 6D). In contrast to cohort I, basigin expression was not ele-
vated in CD3+ T cells of COVID-19 patients (Figure 6E). In CD4+  
T cells, basigin expression remained low over time, whereas CD8+ 
T cells reexpressed basigin in bulk and in all memory subpopula-
tions after dexamethasone therapy cessation (Figure 6F and Sup-
plemental Figure 5F). In monocytes, basigin levels remained high at 
all time points analyzed (Figure 6F). Thus, T cells from severely ill 
COVID-19 patients showed subpopulation-independent metabolic 
changes with impaired mitochondrial function and production 
of mitochondrial ROS. However, treatment with dexamethasone 
might have mitigated T cell cytosolic ROS accumulation in vivo.

T cell cytosolic ROS accumulation is induced upon basigin ligation 
and can be mitigated by dexamethasone treatment. Basigin and cyto-
solic ROS were upregulated in T cells from COVID-19 patients and 
this phenotype was partially blunted in cohort II. To assess wheth-
er dexamethasone can modulate ROS and basigin expression, we 
cultured PBMCs from COVID-19 patients and healthy controls in 
vitro. In CD4+ and CD8+ T cells from controls, dexamethasone sig-
nificantly reduced ROS and basigin expression. In patients, a signif-
icant downregulation was only observed in CD4+ T cells, reflecting 
the data from ex vivo patient analyses (Figure 7A). Basigin can be 
shed and soluble basigin levels were significantly higher in super-
natants of cultured cells from COVID-19 patients (Supplemental 

transcriptome analyses of cohort I and II samples from the severe/
critical group and healthy controls by t-distributed stochastic 
neighbor embedding (tSNE) and principal component analysis 
(PCA) showed clustering of CD14+ monocytes and CD4+ T cells 
of both cohorts (Supplemental Figure 5C). Similar to cohort I, an 
increased mitochondrial mass but also elevated mitochondrial 
ROS production of both bulk T cells and naive and memory T cell 
subsets of severe/critically ill patients was detectable in cohort II 
(Figure 5, A and B). Importantly, mitochondrial ROS levels were 
most likely not a consequence of increased mitochondrial mass, 
as these 2 parameters did not correlate (Supplemental Figure 5D).

Consistent with an increased mitochondrial mass, COVID-19 
T cells showed elevated levels of the mitochondrial enzyme citrate 
synthase. Importantly, these changes did not result in increased 
mitochondrial respiration and instead, the respiratory activity 
normalized to citrate synthase activity was lower in COVID-19 T 
cells. Specifically, we observed a decreased capacity of the elec-
tron transport system (ETS) and a trend toward a reduced capacity 
for OXPHOS (CI+II ETS and CI+II OXPHOS, respectively; Fig-
ure 5C). Mitochondrial structure was studied next using electron 
microscopy. Lymphocytes from 9 critically ill COVID-19 patients 
showed, similar to cohort I, the presence of mitochondrial aberra-
tions. However, analyzing paired samples from patients revealed a 
reduction in the occurrence of mitochondria with inclusions after 
dexamethasone treatment (Supplemental Figure 5E).

Besides increased mitochondrial content, high basigin and 
cytosolic ROS levels were markers of cohort I on the transcription-
al and protein levels. Thus, we investigated whether dexametha-
sone might have affected these parameters. Transcriptomic anal-
yses comparing controls and patients shortly after and beyond 3 
weeks of dexamethasone treatment, a time point comparable to 
cohort I samples (Figure 2, A and B), were performed next. We 
observed that signatures of TNF, hypoxia, ROS, and basigin path-
ways, previously detectable in T cells, disappear in samples after 

Figure 7. Dexamethasone and NOX inhibition mitigate T cell ROS accumulation and basigin expression in vitro. (A and C) Blood of donors was drawn and 
processed the same day. PBMCs were isolated and treated as indicated (for concentrations see Methods). (A) After 72 hours, PBMCs were stained for CD4 
and CD8 and cytosolic ROS and basigin levels were analyzed. Data were normalized to anti-CD3 (aCD3) stimulation of the respective donor. (B) Log(fold 
change) of expression estimates for NOXA1 were determined for each cluster (as in Figure 4A and Supplemental Figure 4A). (C) PBMCs were processed as 
in A. Data normalized to anti-CD3 stimulation of the respective donor are shown. Summarized data are displayed as mean + SEM, with each symbol repre-
senting 1 donor. *P < 0.05; **P < 0.01; ***P < 0.001 by 1-way ANOVA with Bonferroni’s multiple comparisons test (A and C; T cell population specific).
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els in T cells from healthy controls and CD8+ T cells from patients 
even better than dexamethasone; however, it had only a limited 
effect in patient CD4+ T cells (Figure 7C). Nevertheless, basigin 
expression was reduced in control and patient T cells (Figure 7C).

Lastly, we tested whether basigin ligation can trigger cytoso-
lic ROS accumulation. Basigin is a receptor for CyPs (31) and we 
found CyPA to be present in the plasma of healthy donors and 
COVID-19 patients (Figure 8A). CyPA is involved in systemic 
inflammation and we observed a decrease in CyP plasma levels 
in recovering COVID-19 patients (Figure 8A). Importantly, addi-
tion of CyPA increased T cell cytosolic ROS levels such that they 

Figure 6A). Following dexamethasone therapy, soluble basigin was 
reduced in supernatants from COVID-19 samples (Supplemental 
Figure 6A). A similar trend could be observed in plasma of patients 
after dexamethasone treatment (Supplemental Figure 6B).

Transcriptomic data identified cluster 2 to be enriched in 
severe COVID-19 patient T cells. We observed increased expres-
sion of NOXA1, which activates several NADPH oxidases (NOXs), 
leading to ROS production (51, 52) in this cluster (Figure 7B). 
NOXs can be targeted by dexamethasone (53, 54) and the effects 
of the NOX inhibitor diphenyleneiodonium on T cell ROS levels 
were assessed next. NOX inhibition decreased cytosolic ROS lev-

Figure 8. ROS can be triggered by cyclophilin A and SARS-CoV-2 spike protein and is mitigated by cyclosporine A in vitro. (A) Cyclophilin A (CyPA) levels 
were determined in plasma of controls and severe/critical patients of cohort I and II and in paired patient samples taken at the intensive care unit (ICU) 
and after returning back to normal care unit. **P < 0.01 by Wilcoxon’s test. (B–G) Blood was drawn and processed the same day. PBMCs were treated for 24 
hours as indicated. (B) The impact of CyPA on cytosolic ROS was determined. Data normalized to unstimulated cells of the respective donor are shown.  
(C) IFN-γ in culture supernatants was determined by ELISA. (D) The effect of CsA on CyPA-induced cytosolic ROS was determined. Data normalized to 
unstimulated T cells of the respective donor are shown. (E) Cytosolic ROS in CD4+ and CD8+ T cells in the presence of increasing concentrations of the 
SARS-CoV-2 spike protein (spike) or respective receptor binding domain (RBD). Data normalized to unstimulated T cells of the respective donor are 
displayed. Representative histograms for controls and 1 patient are displayed. (F) Cytosolic ROS levels in controls and severe/critical COVID-19 patients 
PCR negative or positive for SARS-CoV-2 are displayed. MFI, median fluorescence intensity. (G) Impact of CsA on spike-induced cytosolic ROS levels was 
determined in CD4+ and CD8+ T cells. Data normalized to unstimulated T cells of the respective donor are displayed. Each symbol represents 1 donor, and 
summarized data are displayed as mean ± SEM (A–C and F) or mean + SEM (E and G). *P < 0.05; **P < 0.01; ***P < 0.001 by 1-way ANOVA with Bonfer-
roni’s multiple comparisons test (B, F, and G; T cell population–specific comparison in B and G) or Mann-Whitney U test (E).
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Finally, we can show that ROS is induced in vitro in T cells by 
SARS-CoV-2 spike protein or CyPA, both described as basigin 
ligands. A direct interaction of both proteins is suggested by our 
finding that CsA administration, which blocks CyPA activity, 
inhibits ROS induction in the presence of the spike protein.

Yet, what is the cause of the oxidative stress in T cells? 
COVID-19 patients can suffer from extensive hypoxia (2) and 
COVID-19 pathogenesis is most likely related to hypoxia, which 
can lead to superoxide radical and peroxide generation by mito-
chondria. In line with this, we observed an increase in basigin and 
mitochondrial ROS levels in T cells upon a 10-day period of hypox-
ia interrupted by phases of normoxia. Nevertheless, cytosolic ROS 
may not only result from hypoxia or mitochondrial dysfunction. 
NOXs represent a possible source for ROS and have been impli-
cated in altered host survival and T cell phenotype after influen-
za infection (51). Consistent with this, we found NOXA1, a NOX 
activator, to be upregulated in a subpopulation of CD4+ T cells, as 
identified by single-cell and bulk sequencing approaches and spe-
cific to severely ill COVID-19 patients. Moreover, NOX inhibition 
reduced ROS levels in T cells from healthy controls and critically 
ill COVID-19 patients.

Confocal images of endothelial cells treated with recombinant 
SARS-CoV-2 S1 protein revealed mitochondrial fragmentation and 
attenuated mitochondrial function (56). These results suggest that 
not only hypoxia but also exposure to viral proteins may contribute 
to the mitochondrial dysregulation in T cells. A profound impact 
of viral proteins on cellular metabolism is further supported by our 
data, which show that spike protein can induce cytosolic ROS in 
T cells. As immune cells exhibit almost no ACE2 expression, we 
conclude that basigin, which is described as a SARS-CoV-2 recep-
tor, is involved either directly or via interaction with CyPA, a bas-
igin ligand that has been shown to interact with different types of 
viral proteins (31, 34). Interestingly a meta-analysis from 32 data 
sets searching for host genes implicated in human betacorona-
virus infection found that the top-ranked gene was PPIA, which 
encodes CyPA (38). As treatment of vascular smooth muscle cells 
with CyPA can augment ROS production (57), we exposed T cells 
to CyPA, which resulted in ROS production and could be prevent-
ed by applying CsA. Moreover, the effects of spike protein on ROS 
production by T cells were mitigated by CsA, indicating a direct 
interaction of both proteins.

Generation of ROS has been shown to stabilize CD147 expres-
sion in tumor cells under glucose-restricted conditions (47). This 
has not yet been reported for immune cells, but might explain 
the strong correlation between cytosolic ROS levels and basigin 
expression, accompanied by transcriptional changes reflecting 
ROS stress and hypoxia. Interestingly, the upregulation of basigin 
membrane levels in T cells was not reflected by the RNA-seq anal-
yses, which is in line with data from by De Saedeleer et al. show-
ing that in tumor cells, ROS stabilizes basigin posttranslationally 
(47). A link between ROS and basigin expression is supported by 
our data showing that upon treatment with a NOX inhibitor both 
basigin and ROS levels are reduced.

High basigin levels may lead to suppressed T cell function 
and proliferation, as splenocytes from basigin-deficient mice are 
more active in mixed lymphocyte reactions (58). Furthermore, 
basigin-related high ROS levels can induce cell death (59), possi-

were comparable to those produced by T cell receptor stimulation 
using soluble anti-CD3 (aCD3; Figure 8B), whereas IFN-γ levels 
were only increased through aCD3 stimulation but not CyPA, 
indicating a nonclassical stimulation (Figure 8C). Intracellular 
ROS elevation could be reverted by cyclosporine A (CsA), which 
blocks CyP activity (Figure 8D). CsA and CyPA were preincubated 
together before administration to allow a direct interaction. More-
over, dexamethasone reduced the CyPA-induced ROS increase in 
CD4+ T cells of controls and one patient, but failed in CD8+ T cells 
from the same patient (Supplemental Figure 6C).

As basigin interacts with various viruses, including SARS-
CoV and SARS-CoV-2 (34, 35), we next incubated T cells with the 
SARS-CoV-2 spike protein. SARS-CoV-2 spike protein induced 
ROS in T cells, similarly to CyPA, in a concentration-dependent 
manner (Figure 8E), whereas the receptor binding domain of the 
spike protein (RBD) had only limited impact on ROS levels. No sig-
nificant effect on basigin expression was observed (Supplemental 
Figure 6D). SARS-CoV-2 spike had no effect on CD14+ monocyte 
ROS production (Supplemental Figure 6E). Interestingly, CD8+  
T cells from severely/critically ill COVID-19 patients with detect-
able (by PCR) SARS-CoV-2 infection showed high cytosolic ROS 
levels, while SARS-CoV-2–negative patients did not differ from 
healthy controls (Figure 8F). These data support our finding that 
the spike protein itself induces ROS production. As CyPA binds to 
a variety of viral proteins, we investigated whether it might serve 
as an adaptor for spike protein binding to basigin by applying 
CsA. As for CyPA, the spike protein and CsA were preincubated 
together before administration. CsA alone had no impact on ROS 
(data not shown); however, it did block the spike-induced ROS 
increase (Figure 8G).

Collectively, the data show that severe COVID-19 associates 
with T cell mitochondrial defects and is hallmarked by high T cell 
basigin expression and ROS accumulation. Basigin is induced 
by hypoxia, coordinates with cytosolic ROS pathways to induce 
mitochondrial damage, and can be targeted using dexamethasone 
and NOX inhibition. Lastly, basigin ligation with CyPA and SARS-
CoV-2 spike protein induces T cell cytosolic ROS accumulation.

Discussion
It is now clear that the role of cellular metabolic pathways goes 
beyond energy production. Intriguingly, immune cell metabolism 
can steer immune cell function and thereby affect the outcome of 
inflammation (55). Here, we describe an immune cell metabolic 
phenotype with high accumulation of ROS and elevated mito-
chondrial content and basigin expression in T cells and monocytes 
of critically ill COVID-19 patients. Transcriptionally, T cells and 
monocytes displayed a higher expression of genes of the basigin 
network and genes involved in the cellular ROS response. T cells 
showed a disturbed mitochondrial morphology and function and 
these changes were accompanied by T cell lymphopenia. Analy-
sis of T cells from patients treated analogously to the RECOVERY 
trial (50), receiving a 10-day dexamethasone treatment, revealed 
lower ROS and basigin levels. Consistently, those pathways 
were not enriched on the transcriptional level. However, CD8+  
T cell basigin was reexpressed and ROS levels increased in some 
patients upon treatment termination. Interestingly, elevated ROS 
levels were observed mainly in patients positive for SARS-CoV-2.  
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production in pancreatic islets (66). Surprisingly, in our experi-
ments, treatment with dexamethasone was effective in preventing 
intracellular ROS accumulation and basigin elevation in T cells of 
COVID-19 patients in vitro. Notably, similar results were obtained 
when studying COVID-19 patients under dexamethasone treat-
ment. During the 10 days of application, ROS levels and basigin 
levels were not different from controls. Dexamethasone exerts 
broad effects on immune cells, but previous results (53, 54) and our 
data suggest that NOX inhibition might contribute. After the end 
of treatment ROS remained stable; however, basigin increased 
again in CD8+ T cells and in SARS-CoV-2–positive patients ROS 
levels were elevated. As the spike protein itself triggers ROS pro-
duction in T cells, we propose that patients with a detectable viral 
load might benefit from a prolonged dexamethasone treatment.

Taken together, our results show that the effects of dexameth-
asone in COVID-19 patients are at least partially due to an immu-
nometabolic modulation. Future studies should address wheth-
er other agents specifically targeting T cell metabolism and ROS 
production could improve the outcomes of critically ill COVID-19 
patients. Based on our findings that spike protein and CyPA induce 
ROS production in T cells, which could be counteracted by dexa-
methasone and CsA, we propose that drugs such as alisporivir, a non-
immunosuppressive CyP inhibitor and cyclosporine analogue, could 
support the treatment of COVID-19 patients. Alisporivir has been 
shown to prevent hepatitis C virus protein–mediated decreases in 
cell respiration, collapse of mitochondrial membrane potential, and 
overproduction of ROS (67). A phase II proof-of-concept clinical trial 
of antiviral alisporivir (CYCLOVID trial NCT04608214) for treating 
hospitalized COVID-19 patients has been initiated. Based on in vitro 
data showing that alisporivir reduced SARS-CoV-2 RNA production 
in a dose-dependent manner in Vero E6 cells (37), the reduction in 
COVID-19 viral load in alisporivir-treated patients will be the trial’s 
primary objective. In light of our results it would be interesting to 
also focus on immune cell metabolism in these patients, as besides 
viral entry, stimulation of immune cells by circulating viral proteins 
may also be involved in the pathogenesis of COVID-19.

We propose here that hypoxia-induced basigin triggers cyto-
solic ROS production, contributing to metabolic dysfunction and a 
dysregulation of inflammation in COVID-19 patients. As cell-sur-
face basigin expression is specific to T cells with severe immu-
nometabolic dysregulation, it might serve as a prognostic parame-
ter and a therapeutic target in COVID-19. Furthermore, our study 
strengthens the rationale for the use of agents that reduce oxida-
tive stress in COVID-19 therapy.

Methods
Further information can be found in Supplemental Methods.

Study participants. This study involved 140 participants consist-
ing of 87 patients with confirmed SARS-CoV-2 infection, detected in 
a nasopharyngeal swab or a respiratory sample using routinely estab-
lished RT-PCR and 47 uninfected controls. All patients with positive 
SARS-CoV-2 testing were included, and one patient with first diagno-
sis of leukemia was excluded.

Cohort I COVID-19 patients are described in Supplemental Table 1  
and did not receive dexamethasone treatment. Cohort I controls were 
asymptomatic healthy individuals with a median age of 50 years (IQR 
37.25–54.5) and male sex in 42%.

bly explaining the reduced T cell numbers in COVID-19 patients 
that were described here and by others (40, 60). COVID-19 T cells 
possibly try to counteract cell death, as indicated by the elevated 
expression of BCL3 and its regulator STAT3 that promote T cell sur-
vival (61) and NAMPT, which protects against cell death induced 
by mitochondrial damage (43). In contrast to T cell lymphopenia, 
the immunometabolic dysregulation with high ROS and basigin 
levels was reversed in the early recovery phase, when severely and 
critically ill COVID-19 patients improve and are no longer ventilat-
ed, indicating that hypoxia may be one important underlying factor 
for disease outcome. In line with this, our data show that hypoxia 
induces basigin expression in T cells, which may set the stage for 
basigin ligands such as CyP or SARS-CoV-2 spike protein, which in 
turn induce a metabolic shift in COVID-19 T cells.

Interestingly, T cell frequencies were significantly lower in dia-
betic and/or obese patients, and T cells and myeloid cells of these 
patients exhibited decreased glucose uptake. Acquired insulin resis-
tance of T cells was reported in diabetic patients previously (62). In 
contrast, cardiovascular disease or age had no impact on T cell num-
bers and glucose uptake, suggesting an interplay between systemic 
and T cell metabolism in patients with metabolic disorders. Given 
the high levels of systemic inflammation, the findings of low glucose 
and fatty acid uptake by T cells and myeloid cells were unexpected, 
especially as hypoxia can promote fatty acid uptake (18). Increased 
fatty acid uptake was only found in T cells from SARS-CoV-2–infect-
ed patients with none or mild symptoms compared with critically 
ill patients, suggesting that in this disease stage, a T cell metabol-
ic switch is still possible. Interestingly, we detected a certain T cell 
metabolic exclusivity, as high fatty acid uptake was specific to T cells 
with low glucose uptake and vice versa. Moreover, T cell fatty acid 
uptake capacity did not decrease until 4 weeks after the onset of 
symptoms of mild COVID-19, thus reaching beyond the time point 
of infection resolution. We speculate that disturbed mitochondrial 
function in severely ill patients may prevent fatty acid degradation, 
thereby reducing fatty acid uptake. Recently, in a metabolomic anal-
ysis of sera from patients with COVID-19, Thomas et al. described 
increased circulating levels of fatty acids along with increased mark-
ers of oxidant stress (e.g., methionine sulfoxide, cystine) which 
could reflect impaired mitochondrial fatty acid oxidation (19). They 
also suggested potential metabolic therapeutic targets, e.g., through 
dietary supplementation with taurine/N-acetylcysteine.

Our data support the hypothesis that COVID-19 pathogen-
esis is related to hypoxia and oxidative stress in T cells, as it has 
been proposed for monocytes and neutrophils (23). Laforge et al. 
suggested that ROS-induced tissue damage, thrombosis, and red 
blood cell dysfunction could be targeted with free-radical scaven-
gers. Such an approach could also ameliorate T cell function and 
is currently being tested in an ongoing study treating COVID-19 
patients with antioxidant drugs such as vitamin C (27).

Importantly, clinical use of the glucocorticoid dexametha-
sone has become a standard of care and is clearly beneficial for 
COVID-19 patients (50, 63) but its mechanisms of action are not 
yet fully understood and its effects on immune cells are broad. 
Besides its widely established role as immunosuppressant, dexa-
methasone can support T cell viability (64). In macrophages, 
dexamethasone induced mitochondrial ROS and apoptosis in 
vitro (65) and in vivo dexamethasone treatment increased ROS 
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Single-cell metabolic assays. Basigin expression was determined 
by anti-CD147 surface staining simultaneously with the staining for 
immune cell populations. Cytosolic ROS were determined using 
2′,7′-dichlorofluorescein diacetate; mitochondrial ROS using Mito-
SOX Red; mitochondrial content using MitoTracker Green FM; fatty 
acid uptake using BODIPY 500/510 C1, C12 dye; and glucose uptake 
using 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-
glucose (2NBDG). Details are in Supplemental Methods.

Mitochondrial respiratory activity (high-resolution respirometry). 
For analysis of mitochondrial function, T cells were isolated from 
PBMCs by untouched magnetic bead cell separation using the Pan T 
cell isolation kit according to the manufacturer’s protocol (Miltenyi 
Biotec). OXPHOS capacity and capacity of the electron transfer sys-
tem were analyzed in a 2-channel titration injection respirometer at 
37°C in mitochondrial respiration medium (MiR05) (68). Details are 
in Supplemental Methods.

Determination of citrate synthase activity. Citrate synthase activi-
ty was determined in CD3+ T cells taken directly from the oxygraph 
chamber at the end of the experiment, snap-frozen, and stored. Citrate 
synthase activity was measured spectrophotometrically. Details are in 
Supplemental Methods.

ELISA. IFN-γ, soluble basigin, and plasma CyPA were determined 
by ELISA. Details are in Supplemental Methods.

Electron microscopic analyses. For transmission electron micro-
scopic analyses, cell pellets were fixed in Karnovsky’s fixative and 
embedded in 4% low-melting-temperature agarose. For details 
regarding embedding, dehydration, sectioning, and analysis, refer to 
the Supplemental Methods.

Cell sorting and RNA-seq library preparation. For RNA-seq exper-
iments, cryopreserved PBMCs were thawed and stained with anti-
CD3, anti-CD4, anti-CD8, and anti-CD14 antibodies. Live, single cells 
with leukocyte FSC/SSC characteristics were sorted into CD14+CD3– 
monocytes and CD14–CD3+CD8– CD4+ T cells by 4-way sorting on a 
BD FACSAria IIu. For details regarding reagents, RNA isolation, quan-
tification, quality control, and dsDNA library preparation, refer to Sup-
plemental Methods.

RNA-seq analysis. Sequencing reads were mapped to human 
(GRCh38) using STAR v2.5.3a (69). The human GRCh38 genome 
index incorporated gene annotation from GENCODE 44 (release 
27) to aid in spliced alignment. Details about respective counts, read 
count generation, differential expression analyses, heatmap and vol-
cano plot generation, and gene enrichment can be found in the Sup-
plemental Methods.

Deconvolution analysis. The deconvolution of our bulk RNA-seq 
was carried out with DTD (70) using machine learning techniques 
and relying on single-cell data for training and constructing a ref-
erence matrix that defines the cell types that the bulks are decon-
volved into. We used published single-cell RNA-seq data from 
Ren et al. (49), obtained from the already quality-controlled cells 
available at the repository (71). Refer to the Supplemental Methods 
for more information about the data set details, data processing, 
clustering, and comparison of cluster estimates and metabolic gene 
data set description.

Statistics. GraphPad Prism was used for statistical analyses, using 
ANOVA with Bonferroni’s post hoc test and Mann-Whitney U test. A 
P value of less than 0.05 was considered significant: *P < 0.05; **P < 
0.01; ***P < 0.001. Correlations were computed using Spearman’s 

Cohort II COVID-19 patients are described in Supplemental Table 
2 and severely ill patients were all treated with dexamethasone. Cohort 
II controls were asymptomatic healthy individuals with a median age 
of 51 years (IQR 39–55) and male sex in 54%.

Critically ill non–COVID-19 patients were treated at an intensive 
care unit for severe stroke or brain injury requiring mechanical ven-
tilation (Supplemental Table 3) and did not receive dexamethasone.

COVID-19 severity was assessed as described previously (4, 10). 
Details can be found in Supplemental Methods.

Sample collection and processing. All whole-blood samples ana-
lyzed for immune cell frequencies and single-cell metabolic assays 
were analyzed freshly without cryopreservation. Blood was collected 
and erythrocytes were lysed using ACK buffer. Details can be found in 
Supplemental Methods.

Determination of immune cell populations. For analysis of surface 
marker expression, 0.2 × 106 to 1 × 106 cells/tube were stained with 
respective surface markers (staining procedures, list of antibodies, 
and lineage-defining markers listed in the Supplemental Methods). 
The gating strategy is displayed in Supplemental Figures 1A and 5B.

ELISpot assay for T cell detection. Human venous blood was collect-
ed in lithium-heparin tubes and processed according to the instruc-
tions of the commercial T-SPOT.TB test (Oxford Immunotec). The 
ELISpot plates and chemistry, except the specific SARS-CoV-2 anti-
gens, were derived from the T-SPOT.TB test. Medium was used as 
negative control and phytohemagglutinin (PHA) as positive control 
according to the manufacturer’s protocol. Peptides from SARS-CoV-2 
were used for antigen stimulation.

Peptides of SARS-CoV-2 membrane glycoprotein (Pep. M), nucle-
ocapsid phosphoprotein (Pep. N), and surface glycoprotein (Pep. S) are 
mainly 15-mers with 11 amino acid overlap. In brief, 250,000 PBMCs 
were stimulated with the peptide antigens and antigen-specific T cell–
released IFN-γ was determined after contact with antigen-presenting 
cells. Details are in Supplemental Methods.

Isolation and in vitro culture of PBMCs. PBMCs were isolated using 
Ficoll density gradient centrifugation and cultured in RPMI 1640 
supplemented with 5 % autologous plasma, 2 mM stable glutamine, 
50 U/mL penicillin, and 50 mg/mL streptomycin. Cells were stimu-
lated with 5 μg/mL anti-CD3 antibody (clone OKT3) and treated with 
dexamethasone (500 nM), human CyPA (100 nM), diphenylene-
iodonium chloride (DPI; 500 nM, dissolved in DMSO), CsA (1 μM), 
recombinant SARS-CoV-2 spike protein (15–60 nM), or SARS-CoV-2 
RBD B1.351 (15–120 nM, dissolved in PBS). If CsA was administered 
together with CyPA or the spike protein, CsA and the respective pro-
tein were preincubated for 5 to 10 minutes and then added to PBMC 
cultures. At indicated time points, PBMCs were stained for surface 
marker expression and cytosolic ROS. To mimic phases of normoxia 
and reduced oxygen availability as observed in critically ill COVID-19 
patients, PBMCs were cultured in 0.5% O2 in a hypoxic workstation 
in the presence or absence of anti-CD3/anti-CD28–coated beads at 
a cell to bead ratio of 1:1 for 10 days interrupted by 1-hour periods of 
normoxia on days 3, 5 and 8; medium was changed on day 5. After 10 
days, PBMCs were stained for mitochondrial ROS and with antibod-
ies against CD3, CD4, CD8, and basigin and analyzed by flow cytom-
etry. For selected assays, cells were cryopreserved until analysis. After 
thawing, cells were cultured in standard medium with 10% human AB 
serum, with or without the addition of anti-CD3/anti-CD28–coated  
beads at a cell to bead ratio of 1:1.
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