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Abstract. Treseid M, Dahl TB, Holter JC, Kildal AB,
Murphy SL, Yang K, et al. Persistent T-cell exhaus-
tion in relation to prolonged pulmonary pathol-
ogy and death after severe COVID-19: Results
from two Norwegian cohort studies. J Intern Med.
2022;292:816-828.

Background. T-cell activation is associated with an
adverse outcome in COVID-19, but whether T-cell
activation and exhaustion relate to persistent res-
piratory dysfunction and death is unknown.

Objectives. To investigate whether T-cell activation
and exhaustion persist and are associated with
prolonged respiratory dysfunction and death after
hospitalization for COVID-19.

Tuva B. Dahl and Jan C. Holter contributed equally to this study.

Methods. Plasma and serum from two Nor-
wegian cohorts of hospitalized patients with
COVID-19 (n = 414) were analyzed for solu-
ble (s) markers of T-cell activation (sCD25) and
exhaustion (sTim-3) during hospitalization and
follow-up.

Results. Both markers were strongly associated with
acute respiratory failure, but only sTim-3 was inde-
pendently associated with 60-day mortality. Lev-
els of sTim-3 remained elevated 3 and 12 months
after hospitalization and were associated with pul-
monary radiological pathology after 3 months.

Conclusion. Our findings suggest prolonged T-cell
exhaustion is an important
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immunological sequela, potentially related to long-
term outcomes after severe COVID-19.

Keywords: NOR-Solidarity, pulmonary function,
SARS-CoV-2, T-cell activation, T-cell exhaustion

Introduction

Although COVID-19 is primarily a viral respira-
tory disease, aberrant immune responses to the
causative virus SARS-CoV-2—which lead to sys-
temic inflammation—are important features for
developing severe and critical disease [1]. Several
reports have demonstrated elevated levels of cen-
tral inflammatory cytokines, such as interleukin
(IL) 6, tumor necrosis factor, and various inflam-
matory chemokines such as CXCL10 in patients
with severe COVID-19, when compared to patients
with mild to moderate disease [2]. Lymphopenia—
in particular, T-cell lymphopenia—is also a fre-
quent finding in those with severe disease [3].

T cells contribute to viral clearance, but persis-
tent activation may trigger harmful effects to the
host, including the development of T-cell exhaus-
tion [4, 5]. Several inhibitory molecules and check-
point receptors such as T-cell immunoglobulin
and mucin domain-3 (Tim-3) and programmed cell
death protein-1 (PD-1) [6] are typically upregu-
lated during T-cell activation to prevent potentially
harmful, persistent, and disproportionate T-cell
activation. However, if these receptors are persis-
tently activated, they may lead T cells into a state of
exhaustion [6]. Human Tim-3 is a transmembrane
protein, expressed on several cell types, including
T cells and monocytes [7, 8]. Tim-3 can be cleaved
from the cell surface by certain matrix metallopro-
teinases to a soluble (s) form [9]. This circulating
form correlates with the level of membrane-bound
Tim-3 [10], and could represent a soluble marker
of T-cell exhaustion. We have previously reported
that elevated plasma Tim-3 levels were associated
with disease severity in 39 hospitalized COVID-
19 patients, implicating persistent T-cell activation
and T-cell exhaustion in the pathogenesis of severe
COVID-19 [11]. However, whether T-cell activation
and exhaustion persist and are associated with
prolonged respiratory dysfunction and death after
initial infection is largely unknown.

We herein report findings from two prospective
cohort studies in Norway, analyzing the circulat-
ing levels of sTim-3 as a putative marker of T-cell
exhaustion, in 414 hospitalized COVID-19 patients

in relation to disease severity and 60-day mortal-
ity. In addition, we also include measurement of
sCD25 as an established marker of T-cell activation
[12]. The study includes data collected during three
waves of the COVID-19 pandemic between March
2020 and September 2021, thus encompassing
data before and after the introduction of systemic
corticosteroids in the WHO recommendations for
treatment of severe COVID-19 in August 2020 [13].
We also report the relationship between these T-cell
markers and pulmonary function, as well as chest
pathology assessed by computed tomography (CT)
at outpatient follow-up 3 months after hospitaliza-
tion.

Materials and methods
Study design and participants

Data from two prospective cohort studies in Nor-
way were pooled and assessed (Fig. S1). Cohort 1
was the NOR-Solidarity trial, a multicenter, open-
label, adaptive randomized controlled trial (RCT)
evaluating the effect of antiviral drugs on hospi-
talized COVID-19 patients admitted to 23 Norwe-
gian hospitals (NCT04321616) [14] as an add-on
to the WHO Solidarity trial [15]. Cohort 2 was the
Norwegian SARS-CoV-2 study, an observational
study of hospitalized COVID-19 patients admitted
to five Norwegian hospitals (NCT04381819), con-
ducted as part of the International Severe Acute
Respiratory and Emerging Infection Consortium
World Health Organization Clinical Characteriza-
tion Protocol study (doi: https://doi.org/10.1101/
2020.07.17.20155218).

Participants in cohort 1 were included from 28
March until 5 October 2020, encompassing the
first two COVID-19 waves, while participants in
cohort 2 were included from 10 March 2020 until
1 September 2021, encompassing three COVID-19
waves. In Norway, the waves were estimated as
the following periods: wave one, 8 March 2020
to 31 July 2020; wave two, 1 August 2020 to
17 February 2021; and wave three, 18 February
2021 to 31 July 2021. From February 2021, Alpha
was the dominating variant, replaced by the Delta
variant from July 2021. For both cohorts, all
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Fig. 1 Flow chart showing the assessment of participants from the two cohorts during hospitalization, at 3-month follow-up,
and at 12-month follow-up. Additionally, at 3-month follow-up, T cells from six participants in cohort 1 were included for

transcriptomic analyses. B, baseline; D, day.

participants >18 years admitted to the hospital
with polymerase chain reaction (PCR)-confirmed
SARS-2-CoV-2 infection were eligible for inclu-
sion, and between one and three blood samples
were obtained from each patient from within the
first 48 h of admission and up to 10 days during
hospitalization, and in subgroups also at 3- and
12-month follow-ups. Viral load in oropharyngeal
specimens was determined by real time (RT)-PCR
analysis, as previously described [14]. All partic-
ipants gave informed consent before inclusion,
either by themselves or by a legally authorized
representative. Both studies were approved by
the Regional Committee for Medical and Health
Research Ethics in South-Eastern Norway (cohort
1 reference no. 118684, cohort 2 reference nos.
106624 and 2019/306) and cohort 1 also by the
Norwegian Medicines Agency (20/04950-23).

Intervention and outcomes

In cohort 1 (the NOR-Solidarity trial, n = 162), par-
ticipants were randomized and allocated to one of
three treatment arms: (1) local standard of care
(SoC); (2) SoC plus 800 mg of oral hydroxychloro-

quine (HCQ) twice daily on day 1, then 400 mg
twice daily up to 9 days; or (3) SoC plus 200 mg of
intravenous remdesivir on day 1, then 100 mg daily
up to 9 days. All study treatments were stopped at
hospital discharge or if contraindicated during the
study. Since the interventions did not affect clini-
cal outcome, viral clearance, or systemic inflamma-
tion [14], data from the different intervention arms
were in this substudy pooled together with samples
from cohort 2 (the Norwegian SARS-CoV-2 study,
n = 252) to examine whether levels of sCD25 and
sTim-3 were associated with: (i) acute respiratory
failure (RF), defined as PaO,/FiO, (P/F ratio) <26.6
kPa (<200 mmHg) during hospitalization; (i) the
need for treatment at the intensive care unit (ICU)
during hospitalization; and (iii 60-day post-
admission total mortality.

Follow-up

Biobanking. As illustrated in the flow chart (Fig. 1),
257 participants (cohort 1, n = 100; cohort 2, n
= 157) attended a follow-up visit 3 months after
hospital discharge, which included blood sampling
for routine clinical biochemistry and biobanking.
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In cohort 2, 62 participants also attended a 12-
month follow-up visit that included blood sampling
for routine clinical biochemistry and biobanking.

Pulmonary assessment. In cohort 1, lung func-
tion tests (n = 90, Fig. S1)—consisting of spirom-
etry and diffusion capacity of the lungs for car-
bon monoxide (DLco)—were performed as previ-
ously described [16]. DLco was selected as a mea-
sure of pulmonary function as this has been shown
to be the most frequently affected after hospital-
ization for COVID-19 [17]. DL in percent of pre-
dicted value and the lower limit of normal (LLN)
were calculated according to the Global Lung Func-
tion Initiative Network [16]. Persistent respiratory
dysfunction was defined as DLco below the LLN.

In addition, low-dose, thin-section chest CT images
were obtained in supine and prone positions dur-
ing breath holding in deep inspiration as described
[16]. For the purpose of this study, we assessed the
prevalence of any ground-glass opacities (GGO),
GGO >10% in at least one of the four lung zones,
or any mosaic pattern as potentially reversible
changes and grouped together. Any consolidations,
reticular pattern, parenchymal bands, interlobu-
lar septal thickening, or any bronchiectasis were
interpreted as potentially irreversible changes and
grouped together. CT changes that were classified
as possible reversible changes were interpreted to
reflect inflammation, and changes that were clas-
sified as potentially irreversible were interpreted to
reflect fibrosis [16].

Blood sampling protocol and biochemical analyses

Peripheral venous blood was drawn into pyrogen-
free blood collection tubes with (cohort 1) or
without ethylenediamine tetraacetic acid (EDTA)
(cohort 2) as an anticoagulant (i.e., plasma and
serum, respectively), immediately immersed in
melting ice, and centrifuged at 2500 x g for 30
min within 20 min to obtain platelet-poor plasma
or allowed to clot before centrifugation (serum,
1500 x g for 10 min). All samples were stored at
—80°C and thawed less than three times.

Soluble levels of sCD25 and sTim-3 were mea-
sured in duplicate by enzyme immunoassays (EIA)
using commercially available antibodies (R&D Sys-
tems, Minneapolis, MN) in a 384-format using a
combination of a SELMA (Jena, Germany) pipet-
ting robot and a BioTek (Winooski, VT, USA) dis-
penser/washer. Absorption was read at 450 nm

with wavelength correction set to 540 nm using
an EIA plate reader (Bio-Rad, Hercules, CA, USA).
The intra-assay coefficient of variation (%), based
on data from our laboratory, was <10%. When
comparing serum and plasma levels of sCD25 and
sTim-3 in 16 healthy controls, we found no sig-
nificant differences (sCD25 p = 0.54, sTim-3 p
= 0.16). Samples from 21 age- and sex-matched
healthy controls (mean age + standard deviation
[SD] 55 £+ 12; 55% men) were used for reference
values.

Routine laboratory variables (i.e., C-reactive pro-
tein [CRP], ferritin, and total leukocyte, neutrophil,
lymphocyte, and monocyte counts) were measured
at the biochemical laboratories at the participating
hospitals.

Statistics

Patient characteristics were compared using Stu-
dent’s t-test or Mann-Whitney U-test depending on
the distribution or chi-square for continuous and
categorical variables, respectively.

The association between admission levels of sCD25
and sTim-3 and RF/ICU admission or 60-day all-
cause mortality, respectively, was first assessed
by receiver operating characteristic (ROC) analy-
sis. The association with 60-day all-cause mortal-
ity was assessed by Kaplan-Meier analysis accord-
ing to a cut off identified by Youden’s index and
Cox regression. For 60-day mortality, the number
of events did not justify more than four adjust-
ment variables, and the adjustment variables were
comprised in three models using propensity scores
(M1: age, COVID wave, and dexamethasone treat-
ment; M2: variables in M1 + chronic cardiac and
pulmonary disease, neutrophil and lymphocyte
counts, and estimated glomerular filtration rate
[eGFR]; M3: variables in M2 + CRP).

Soluble levels of sCD25 and sTim-3 were non-
normally distributed and thus transformed using
logl0 for temporal comparisons between groups
with the linear mixed model analysis. Linear mixed
models were performed with the subject as the ran-
dom effect, and time and RF, ICU admission, or 60-
day mortality as fixed effects (also as interaction) in
addition to adjustment variables (RF/ICU admis-
sion: COVID wave, dexamethasone treatment,
obesity, and neutrophil and lymphocyte counts).
For 60-day mortality, M2 as described above
was used for initial adjustment, as well as M3

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine. 819

Journal of Internal Medicine, 2022, 292; 816-828



JIM T-cell exhaustion and lung function in COVID-19 / M. Trgseid et al.

(i.e., +CRP). Data are presented as back-
transformed estimated marginal means with
95% confidence intervals from the mixed models,
and levels reflect the adjustment from covari-
ates. Post-hoc analysis (sequential Sidak) between
groups is reported if the group or group interaction
term were significant. Similar models were used
for evaluating the effects of randomized treatment
and DLco and chest CT in cohort 1 (adjusting for
randomized treatment, age, sex, and neutrophil
counts), and “COVID wave” or dexamethasone
were used in cohort 2 (adjusting for age and sex).

We further used linear mixed models to model
the association between P/F ratio (outcome) and
sCD25 and sTim-3, included individually in sepa-
rate models, with time treated as a factor variable.
A random intercept by subject was used to control
for repeated measures, with each subject having
between one and three measured follow-up peri-
ods.

Results
Baseline characteristics

Demographic data and clinical characteristics from
the combined cohort according to clinical out-
comes are given in Table 1 and in the two sep-
arate cohorts in Table S1. Patients with out-
comes had more comorbidities (ICU or RF: obesity;
nonsurvivors: chronic cardiac and pulmonary dis-
ease); were more often treated with dexametha-
sone; received oxygen therapy; and had lower P/F
ratio, hemoglobin, and lymphocyte counts and
higher CRP, ferritin, WBC, and neutrophil counts.
In addition, patients who died were older and had
lower eGFR. Comparing the two cohorts, patients
were an average of 60 (cohort 1) and 57 years
old (cohort 2), mostly men (64% and 63%, respec-
tively), and hypertension was the major comorbid-
ity. Apart from the different treatment modalities
within cohort 1 (RCT) and frequent use of dexam-
ethasone and higher rate of ICU admission among
patients in cohort 2, the two cohorts had compara-
ble baseline characteristics.

Levels of sCD25 and sTim-3 in relation to comorbidities

We first assessed the temporal profile of sSCD25 and
sTim-3 during hospitalization according to comor-
bid disease. As shown in Fig. S1A, there were
no effects of comorbidities including chronic car-
diac or pulmonary disease, hypertension, obesity,
or diabetes, or any effect of accumulated comor-

bidities (i.e., adding together within each patient,
Fig. S1B). Dividing chronic pulmonary disease in
chronic obstructive pulmonary disease (COPD) and
asthma yielded no differences in the temporal pro-
file of sCD25. For sTim-3, patients with chronic
cardiac disease and diabetes had higher levels at
7-10 days, while obese patients had higher levels
at admission and 3-5 days. No other differences
were detected for sTim-3.

Plasma sCD25 and sTim-3 levels in relation to RF
during hospitalization

Figure 2a,b shows ROC analysis of admission lev-
els of sCD25 and sTim-3 in relation to RF and ICU
admission in the total cohort. Although highly sig-
nificant, the discriminatory abilities were modest
in identifying patients with RF or ICU admission.

In longitudinal samples during hospitalization,
patients with RF maintained higher levels of
sTim-3 and sCD25 than patients without RF in a
linear mixed model adjusting for treatment modali-
ties, obesity, COVID wave, neutrophil and lympho-
cyte counts, and vaccination status (Fig. 1b). While
sCD25 levels were relatively stable during follow-
up, sTim-3 increased during the hospital stay. The
main statistical effect of RF on the temporal profile
of sCD25 was attenuated upon additional adjust-
ment for CRP (p = 0.26), whereas sTim-3 remained
significant (p = 0.001). Analysis of the correla-
tion between the P/F ratio and T-cell markers dur-
ing the first 10 days revealed a negative correla-
tion with sCD25 levels (estimate —0.18, t = —5.5,
p < 0.001) and sTim-3 (estimate —0.23, t = —6.4,
p < 0.001).

As shown in Fig. 1c, a similar temporal profile of
sCD25 and sTIM-3 was seen in relation to ICU
admission as for RF with the same adjustment
strategy. Further adjustment with CRP revealed
overall attenuated results with nonsignificant p-
values for sCD25 (p = 0.18) but sTIM-3 remained
significant (p = 0.042).

The viral load in admission oropharynx samples
(only measured in cohort 1), determined as SARS-
CoV-2 RNA copies per 1000 human cells, did not
correlate with baseline levels of sTim-3 (r= —0.10,
p=0.33) or sCD25 (r=0.03, p=0.78).

Levels of sCD25 and sTim-3 in relation to 60-day total
mortality

A total of 37 patients died within 60 days
after hospital admission (Table 1). As shown in
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Table 1. Demographic, clinical, and biochemical characteristics in 414 patients hospitalized for COVID-19, stratified according

to acute-phase (ICU admission or RF) outcomes or 60-day death

ICU or RF Death

No, n= 238 Yes, n=176 No, n= 377 Yes, n= 37
Age, years 57.2 £15.2 59.1 £ 15.5 56.7 £ 15.0 71.5 £ 12.2*
Male gender (%) 151 (63) 111 (63) 235 (62) 27 (73)
Body mass index, kg/m? 28.1 £5.0 29.1 £4.7 28.6 £4.9 274+ 4.6
Wave

1 143 (60)* 73 (42) 201 (53) 15 (41)

2 56 (24) 62 (35)* 102 (27) 16 (43)*

3 39 (16) 41 (23) 74 (20) 6 (16)
Treatment group

SoC (%) 185 (78) 148 (84) 300 (80) 33 (89)

SoC + hydroxychloroquine (%) 29 (12) 14 (8) 41 (11) 2 (5)

SoC + remdesivir (%) 24 (10) 14 (8) 36 (10) 2(5)
Vaccinated >1 dose 4 (2) 2 (1) 5 (1) 1(3)
Dexamethasone (%) 47 (20) 89 (51)* 114 (30) 22 (60)*
Oxygen therapy (%) 131 (55) 154 (88) 253 (67) 32 (87)*
Comorbidities

Chronic cardiac disease (%) 40 (17) 31 (18) 52 (14) 19 (51)*

Hypertension (%) 77 (34) 58 (34) 121 (33) 14 (40)

Chronic pulmonary disease (%) 54 (23) 44 (25) 84 (23) 14 (38)*

Obesity (%) 54 (24) 59 (34)* 104 (29) 9 (24)

Diabetes (%) 48 (21) 37 (22) 75 (21) 10 (29)

Current smoker (%) 12 (5) 8 (5) 19 (5) 1(3)

HIV/AIDS (%) 7 (4) 32 8 (3) 2(7)
Outcomes

ICU admission (%) 0 (0) 110 (63) 83 (22) 27 (73)*

RF (%) 0 (0) 125 (72) 101 (27) 24 (67)*

60-day death (%) 4 (2) 33 (19) 0 (0) 37 (100)
P/F ratio at admission, kPa 45.2 30.4 41.3 27.1

(87.9, 52.7) (21.9, 43.2)* (31.6, 49.8) (13.8, 48.3)
Hemoglobin, g/dl 18,8 =& 1,7 12.7 £ 1.7* 13.1 £ 1.6 12.0 £ 1.8*
C-reactive protein, mg/L 48 91 56 108

(24, 102) (42, 154)* (26, 120) (75, 162)*
Ferritin, ug/L 514 875 600 878

(256, 853) (455, 1436)* (801, 1107) (532, 1435)*
White blood cell count, x10°/L 6.1 £2.6 7.6 £ 3.5* 6.6 £ 3.0 7.5 £+ 3.3*
Neutrophils, x10°/L 4.3 +24 6.2 £+ 3.4* 540 == 3,0 6.2 £ 2.8*
Lymphocytes, x10°/L 1.2+0.6 1.0 £ 0.5* 1.2+£0.5 0.8 £ 0.4*
eGFR 94 90 94 72

(77, 107) (72, 105) (78, 108) (87, 90)*

Note: Continuous variables are shown as mean + standard deviation (SD) or median (25th, 75th) percentile depending

on distribution.

Abbreviations: eGFR, estimated glomerular filtration rate; ICU, intensive care unit; P/F ratio, PaO, /FiO, ratio; RF, res-

piratory failure; SoC, standard of care.

*p < 0.05.
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Fig. 2 sCD25 and sTim-3 in relation to respiratory failure (RF) and intensive care unit (ICU) admission. Receiver operating
characteristic (ROC) analysis of admission levels of sCD25 and sTim-3 in relation to (a) RF and (c) ICU admission. Temporal
profile of sCD25 and sTim-3 according to (b) RF or (d) ICU admission during the first 10 days after admission shown as
estimated marginal means and 95% confidence intervals (CI), shown as red or green area. The p-values reflect the group
(outcome) effect from the linear mixed models adjusted for COVID wave, dexamethasone treatment, obesity, neutrophil count,
and lymphocyte count. Blue areas reflect reference ranges from 21 healthy controls. *p < 0.05, **p < 0.01, ***p < 0.001

between groups.

Fig. 3a, ROC analysis revealed that admission lev-
els of sTIM-3 had a decent discriminatory power
in detecting patients who died during 60-day
follow-up. A Kaplan-Meier (Fig. 3b) analysis of cut
off determined by Youden’s index (above or below
3.8 ng/ml and 8.1 ng/ml for sCD25 and sTim-
3, respectively) confirmed a higher risk of death
(p < 0.001 for both T-cell markers). When evalu-
ated in Cox regression using these cut offs, hav-
ing an above-threshold level of sCD25 was asso-
ciated with a 2.62 (95% confidence interval [CI]
1.32-5.19) times higher risk of death (p = 0.006) in
age, COVID wave, and treatment modality adjusted
analysis (model 1). The association was not sig-
nificant following adjustment with chronic cardiac
and pulmonary comorbidity, neutrophil and lym-
phocyte counts, and eGFR (model 2; hazard ratio
[HR] 1.65, p = 0.21), and was further attenu-
ated when adding CRP as a covariate (model 3;
HR 1.27, p = 0.55). Using above-threshold lev-
els of sTim-3 was associated with a 5.18 (1.76-
15.25)-times higher risk of 60-day death in model
1 (p = 0.003) and remained significant in model
2 (HR 4.32, p = 0.009) and model 3 (HR 4.26,

p = 0.010). This threshold gave a good sensitivity
(86%) but modest specificity (59%), with high neg-
ative predictive value (98%) and poor positive pre-
dictive value (17%) in identifying patients at risk
for 60-day death.

The association with 60-day mortality was more
pronounced in patients not receiving dexametha-
sone for both sCD25 (HR 14.3, p < 0.001) and
sTim-3 (HR 9.12, p = 0.004) compared with atten-
uated (sTim-3, HR 5.99, p = 0.004) or absent
(sCD25, HR 1.28, p = 0.59) association in patients
treated with dexamethasone.

Evaluation of the temporal profile during the first
10 days after inclusion revealed that patients who
died displayed increasing levels of both sCD25 and
sTim-3, with the largest differences seen at the end
of the observation period in a linear mixed model
adjusting for model 2. For sTim-3, this associa-
tion was also significant after further adjustment
for CRP (main effect p = 0.001), but not for sCD25
(main effect p = 0.15).
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Fig. 3 sCD25 and sTim-3 and 60-day mortality in severe COVID-19. (a) Receiver operating characteristic (ROC) analysis of
admission levels of sCD25 and sTim-3 in relation to 60-day mortality, (b) Kaplan—-Meier analysis of 60-day mortality (n= 31)
according to dichotomized admission levels of sCD25 (Youden'’s index cut off: 3.8 ng/ml) and sTim-3 (Youden’s index cut off:
8.1 ng/ml). (c) Cox regression of admission levels of sCD25 and sTim-3 (dichotomized according to Youden’s index as in b) in
relation to 60-day mortality with different levels of adjustment (M1: age, COVID wave, and dexamethasone treatment; M2:
M1 + chronic cardiac and pulmonary disease, neutrophil count and lymphocyte count, and estimated glomerular filtration
rate; M3: M2 + C-reactive protein). (d) Temporal profile of sCD25 and sTim-3 during the first 10 days after admission
according to 60-day mortality shown as estimated marginal means and 95% confidence intervals (CI) with adjustment for
M2 from c. The p-values reflect the group (outcome) effect from the linear mixed models. Blue areas reflect reference ranges
from 21 healthy controls. **p < 0.01, ***p < 0.001 between groups.

Temporal profile of circulating sCD25 and sTim-3 in
relation to treatment modalities

In cohort 1, we found no significant effect of inves-
tigational drugs (HCQ or remdesivir) on plasma
levels of sCD25 or sTim-3, or interaction between
time and treatment (sCD25 treatment p = 0.39,
interaction treatment time p 0.17; sTim-3
treatment p = 0.51, interaction treatment time
p = 0.49).

In cohort 2, dexamethasone-treated patients had
higher levels of sCD25 and sTim-3 compared to
patients not receiving dexamethasone at admission
and at days 3-5, but the groups had similar levels
at days 7-10 (Fig. 4a). The higher levels at admis-
sion in dexamethasone users most likely reflect
more severe disease in these patients.

When evaluating the temporal course of the mark-
ers in relation to the COVID-19 wave in the
combined cohort, no overall group effects were

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on bhehalf of Association for Publication of The Journal of Internal Medicine.

observed for sCD25 (p = 0.32) and sTim-3 (p =
0.14) (Fig. 4b).

Levels of sSCD25 and sTim-3 in relation to pulmonary
function and chest CT at 3-month follow-up

In cohort 1, pulmonary testing (n = 108) and chest
CT (n 107) were performed in a subgroup of
patients (Table S2) 3 months after admission to
the hospital. We examined the association between
sCD25 and sTim-3 levels both during hospital-
ization and at 3 months and the occurrence of
(i) pulmonary function impairment, (ii) reversible
CT changes, and (iii) irreversible CT changes at
3-month follow-up. Patients with impaired pul-
monary function (i.e., DLco < LLN) at 3 months
had significantly higher levels of sCD25 during
hospitalization (Fig. 5a) and at 3-month follow-
up (Fig. 5Sb), but not for sTim-3 compared to
those without impairment. Patients with reversible
CT changes at 3 months had increased sTim-3
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Fig. 4 Temporal profile of sCD25 and sTim-3 according
to (a) dexamethasone treatment and (b) COVID-19 wave,
shown. The p-values reflect the group (outcome) effect from
the linear mixed models. Data are presented as estimated
marginal means and 95% confidence intervals (CI) in age-
and sex-adjusted analysis. Blue areas reflect reference
ranges from 21 healthy controls. **p < 0.01, ***p < 0.001
between groups; ¥p < 0.05 versus waves 1 and 3.

levels during hospitalization (Fig. 4c), but not at
3 months (Fig. 5d), compared to those without
reversible CT changes. No such differences were
observed between patients with and without irre-
versible CT changes at 3 months, and levels with
sCD25 during hospitalization (data not shown) and
3 months (Fig. 5b) did not correlate with any of the
CT changes.

Persistently elevated sTim-3 levels but not sCD25 at 3-
and 12-month follow-ups

At follow-up visits 3 months (combined cohort, n =
257) and 12 months (cohort 2, n = 62) after hospi-
talization, sCD25 levels were normalized compared
to healthy controls (Fig. 4b), while sTim-3 levels
were still elevated even after 12 months (Fig. 4d).

Discussion

The present study investigated whether circulating
markers of T-cell activation and exhaustion were
related to acute RF and the need for ICU admis-
sion during hospitalization for COVID-19, as well
as 60-day mortality and pulmonary pathology 3
months after hospital admission. Our main find-

ings were as follows: (i) elevated levels of sCD25
and, in particular, sTim-3 during hospitalization
were strongly associated with both RF and need
of ICU treatment; (ii) both markers measured dur-
ing hospitalization were associated with 60-day
mortality in univariate analyses, but only sTim-3
remained significant in multivariate analyses; (iii)
elevated levels of sCD25 and sTim-3 were associ-
ated with impaired lung function and pathologi-
cal changes on chest CT, respectively, at 3-month
follow-up; and (iv) levels of sTim-3 increased dur-
ing hospitalization and remained elevated after 3
and even 12 months, whereas levels of sCD25
plateaued during hospitalization with levels com-
parable to healthy controls thereafter.

In a previous pilot study (n = 39), we found that
elevated sTim-3 levels were associated with severe
COVID-19 in hospitalized patients [11]. Subse-
quent small-to-moderate size studies have found
lymphopenia and T-cell exhaustion, as assessed by
flow cytometry, to be associated with disease sever-
ity and to persist for several months after severe
COVID-19 [18-20]. One of these studies suggested
that sTim-3 was the most important marker of
CD4+ T-cell exhaustion in COVID-19 [19]. The
present study confirms and extends these previ-
ous findings in a much larger cohort that spans
three consecutive waves of the COVID-19 pan-
demic, and relates sTim-3 levels to persistent pul-
monary changes and mortality. We further show
that levels of sTim-3 remain elevated even 12
months after hospitalization. Whereas sCD25 was
associated with mortality in univariate but not in
multivariate analyses, the association with sTim-
3 was not affected by adjustment for age, COVID
wave, dexamethasone treatment, chronic cardiac
and lung disease, CRP, neutrophil and lymphocyte
counts, or renal function. Of note, the temporal
profiles of sTim-3 during hospitalization were also
associated with 60-day mortality, even in multi-
variate analyses.

An even more striking finding was the pattern
of increasing levels of sTim-3 during hospital-
ization with no signs of normalization, even for
as long as 12 months after discharge. In con-
trast, levels of sCD25 plateaued during hospital-
ization and reached normal levels at 3- and 12-
month follow-ups. One interpretation could be that
T-cell activation in the acute phase is accom-
panied and followed by persisting T-cell exhaus-
tion and dysfunction as immunological sequelae
after severe COVID-19 [20]. There are some data
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Fig. 5 sCD25 and sTim-3 at follow-up and in relation to pulmonary pathology. Temporal profile of (a) sCD25 and (c) sTim-3
during the first 10 days after admission according to impaired diffusing capacity of the lungs for carbon monoxide (DLco,
above or below the lower limit of normal [LLN]) or reversible (Rev) or irreversible (Irrev) computed tomography (CT) changes
at 3-month follow-up. The p-values reflect the group (outcome) effect from the linear mixed models adjusting for randomized
treatment, age, sex, and neutrophil counts. Blue areas in panels a and c reflect the reference value range. *p < 0.05,
**p < 0.01 between groups. Panels b and d (left part) show levels of sCD25 (b) and sTim-3 (d) at 3 and 12 months (n= 257)
compared with healthy controls (n = 21). The right parts of panels b and d show levels of sCD25 (b) and sTim-3 (d) at 3
months in relation to DLco below or above LLN and reversible and irreversible CT changes at 3 months. *p < 0.01 versus

DLCO < LLN.

suggesting that sTim-3 may reflect the degree of
membrane-expressed Tim-3 and as such, be a
marker of T-cell exhaustion [21]. However, whether
membrane-expressed Tim-3 is downregulated after
release of sTim-3 and whether this influences the
degree of T-cell exhaustion, as well as whether
sTim-3 has any function on its own, is still being
discussed [21, 22].

Interestingly, a previous study found that SARS-
CoV2-specific CD4+ T cells expressed exhaus-
tion markers PD-1 and sTIM-3 at 12 months
post-infection, with a loss of the multifunctional
phenotype reported to dominate at earlier time
points [23]. Thus, whereas a transient and short-
lived upregulation of checkpoint inhibitors such as
sTim-3 could be beneficial to dampen overwhelm-
ing immune responses, a persistent upregulation—
as shown in the present study—could be harm-
ful for the host. Importantly, given the association

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on bhehalf of Association for Publication of The Journal of Internal Medicine.

between sTim-3 and pathological pulmonary CT
scans after 3 months shown in our study, this per-
sistent T-cell exhaustion and dysfunction should
be investigated in relation to long-term pulmonary
sequelae and other long-COVID manifestations in
future studies.

We have previously reported persistently elevated
sTim-3 levels in chronic HIV-infected individu-
als [24], and chronic viral replication is a known
contributor to persistent T-cell exhaustion [5].
However, in the present study, we found no asso-
ciation between viral load in upper airways and
sTim-3 levels, and persistent SARS-CoV-2 repli-
cation over several months has not been demon-
strated. Thus, whereas elevated sTim-3 levels in
acute COVID-19 may be triggered by SARS-CoV-2,
the sustained elevation of this marker most likely
reflects other mechanisms such as an overshoot-
ing and prolonged checkpoint stimulation following
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persistent, but transient, T-cell activation. Inter-
estingly, IL-7 and other immunomodulators—such
as PD-1 blockade—have been suggested to reverse
immune abnormalities in COVID-19 disease [25].
Hence, our data could potentially provide support
for the rationale of testing such an approach even
in patients with severe long-COVID manifestations
[26].

Comorbidities have been shown to influence
patient outcome in COVID-19 disease [27]. In the
present study, however, we found no effects of
comorbidities including chronic cardiac or pul-
monary disease, hypertension, obesity, or diabetes,
or any effect of accumulated comorbidities on lev-
els of sTim-3 and sCD25, further supporting that
these markers reflect distinct COVID-19 pathol-
ogy. To this end, several markers of disease sever-
ity have been established in hospitalized COVID-19
patients, such as CRP and high neutrophil and low
lymphocyte counts [28]. These factors were, there-
fore, adjusted for in the present study without hav-
ing a major influence on the results. However, some
of the findings were markedly attenuated when
adjusting for CRP, a reliable marker of upstream
inflammatory pathway, indicating that circulating
CRP and sCD25 at least partly reflect overlapping
pathways in relation to COVID-19 pathology.

Our study has some limitations, including the
lack of baseline samples before the start of dex-
amethasone treatment, and that assessment of
pulmonary function at 3 months was performed in
only cohort 1, and we have no data on pulmonary
function before COVID-19. Although previous
reports have shown that circulating sTim-3 levels
correlate with expression of the membrane-bound
form [10], the present dataset did not include
specimens for analyses of cellular expression
of Tim-3 on T cells and monocytes. Moreover,
associations do not necessarily mean any causal
relationship. The study also has several strengths,
including two well-characterized prospective
cohorts with common standardized protocols for
biobanking, as well as long-term follow-up with
clinical assessment and continued biobanking.
The study also included samples obtained during
three waves of the COVID-19 pandemic.

In conclusion, the T-cell exhaustion marker sTim-
3 was associated with acute RF, as well as 60-day
mortality and pulmonary pathology after 3 months.
As sTim-3 remained elevated for as long as 12
months of follow-up, our findings suggest T-cell

exhaustion is a potential immunological sequela
after severe COVID-19. Future studies are war-
ranted to clarify the possibility of long-term T-cell
exhaustion, including the clinical consequences
and the potential therapeutic implications of such
immune dysregulation.
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