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1 | INTRODUCTION

Abstract

Around half of people with severe COVID-19 requiring intensive care unit (ICU)
treatment will survive, but it is unclear how the immune response to SARS-CoV-2
differs between ICU patients that recover and those that do not. We conducted
whole-blood immunophenotyping of COVID-19 patients upon admission to ICU
and during their treatment and uncovered marked differences in their circulating
immune cell subsets. At admission, patients who later succumbed to COVID-19
had significantly lower frequencies of all memory CD8+ T cell subsets, resulting
in increased CD4-to-CD8 T cell and neutrophil-to-CD8 T cell ratios. ROC and
Kaplan-Meier analyses demonstrated that both CD4-to-CD8 and neutrophil-
to-CD8 ratios at admission were strong predictors of in-ICU mortality. Therefore,
we propose the use of the CD4-to-CD8 T cell ratio as a marker for the early iden-
tification of those individuals likely to require enhanced monitoring and/or pro-
active intervention in ICU.

Of those who do develop symptomatic SARS-CoV-2 infec-

The COVID-19 pandemic, caused by SARS-CoV-2 infec-
tion, has proven extremely challenging to manage, both
epidemiologically and therapeutically. Individual patients
respond highly heterogeneously to infection, with most
remaining asymptomatic or showing only mild symptoms.

tion, approximately 3% require hospitalization, with one
in five of these going on to require artificial ventilation
and admission to the intensive care unit (ICU); unfor-
tunately, around 35% of these most seriously ill patients
will die in ICU."* At present, we do not fully understand
the immunological basis of individuals’ susceptibility to
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SARS-CoV-2. In the long term, we need to be able to iden-
tify healthy individuals in the population at most risk of
severe COVID-19 if they were to become infected, in order
to protect them.>* However, in the short term, there is an
urgent clinical need for a screening approach that can pro-
spectively identify those already-sick patients at greatest
risk of progressive worsening and eventual death from
COVID-19 to prioritize them for intensive monitoring and
more aggressive/pro-active treatments at an earlier stage.

Various studies have described dysregulation of cir-
culating immune cell populations in COVID-19 patients.
However, to date the majority have analysed heterogeneous
cohorts with very low mortality and focused on purified
peripheral blood mononuclear cells (PBMCs), thereby ex-
cluding potentially important granulocytic populations.
As a consequence, we lack an integrated picture of the im-
mune cell populations in the peripheral blood of the sick-
est COVID-19 patients.>® Those studies of the PBMCs from
severe COVID-19 patients showed a marked lymphopae-
nia associated with a strong activation and exhaustion of T
cells, possibly caused by the onset of an inflammatory cyto-
kine storm.”’ Studies on the monocytic compartment of se-
vere COVID-19 cases found that circulating monocytes are
characterized by impaired functionality, showing altered
cytokine release and reduced expression of HLA-DR and
CD40 often correlating with disease severity.*!! Alongside,
clinical studies on severe COVID-19 patients indicate that
low CD8+ T cell counts and high neutrophil-to-lymphocyte
ratios are associated with disease severity and mortality.'***

To fill the current knowledge gap and provide a com-
prehensive overview of the peripheral blood immune com-
partment of critically ill COVID-19 patients, we performed
whole-blood T cell and myeloid cell immunophenotyping
of 19 individuals at the point of their admission to ICU.
For those that survived, we monitored their blood for the
changes that accompanied their recovery, through the suc-
cessful weaning from the mechanical ventilation and upon
eventual release from the ICU. We used these data to ask
how blood immune cell populations changed during the
recovery of survivors, and whether there were differences
between patients at admission that were associated with ei-
ther subsequent recovery or death from COVID-19.

2 | MATERIALS AND METHODS

21 | Cohort design

In this prospective, observational cohort study, adult pa-
tients with respiratory failure due to proven COVID-19
ARDS who were admitted to the intensive care unit (ICU)
at St. Anne's University Hospital in Brno, Czech Republic
from March to October 2020 were consecutively enrolled.

Patients with chronic immunosuppression were excluded.
All patients were treated with ‘lege artis’ supportive ther-
apy according to current guidelines. Of the drugs with a
presumed effect on COVID-19, only dexamethasone and
remdesivir were administered in the indicated cases. No
other experimental therapy was used.

2.2 | Sample collection and preparation
As at the beginning of this pandemic, little information
was available on the biosafety of blood samples obtained
from severe SARS-CoV-2-infected individuals, we de-
cided to inactivate the samples with 0.5% PFA directly at
the ICU premises. Blood samples were collected in BD
Vacutainer Tubes containing sodium heparin, and 0.5%
PFA was directly added to each sample. Blood was then
processed in a BSL-2 cabinet with Cal-Lyse lysing solution
(Invitrogen) following manufacturer's recommendations.
Samples were finally resuspended in FBS +10% DMSO in
the original blood volume and bio-banked at —80°C.

2.3 | Flow cytometry
Frozen samples were allowed to thaw on ice. 100 puL of
the original whole-blood volume were washed twice with
FACS buffer (PBS + 0.2% FBS, 2 nmol/L EDTA) and in-
cubated in the dark for 30’ on ice in FACS buffer with the
antibody cocktails indicated in Table S1. After the incuba-
tion with the antibodies, samples were washed with FACS
buffer and centrifuged for 10’ at 300 g 20 uL (20 600 beads)
of Precision Count Beads (Biolegend) were added to each
sample immediately before the acquisition.

Samples were acquired on a Sony SA3800 spectral an-
alyzer (Sony Biotechnologies). Data were analysed with
FlowJo v10.7.1 (BD Life Sciences).

2.4 | Statistical analyses

All the analyses were performed with Prism v8.1
(GraphPad Software). Multiple comparisons between dif-
ferent time points were performed with a Kruskal-Wallis
test followed by Dunn'’s correction. Comparisons between
survivors and non-survivors were performed with the non-
parametric Mann-Whitney rank test. Survival curves were
compared using a Log-rank Mantel-Cox test. Correlation
analyses were performed with a non-parametric Spearman
rank correlation or with a Pearson correlation when eval-
uating categorical variables. P-values < .05 were consid-
ered significant. Asterisks in the figures indicate the level
of significance: *P < .05, **P <.005, ***P <.001.
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3 | RESULTS

3.1 | Cohort characteristics
For this study, we enrolled 19 COVID-19 patients at
the time of their admission to the ICU of the St. Anne's
University Hospital in Brno, Czech Republic. The cohort
was strongly male-biased (94.7% males) with an average
age of 67 years, and a global in-ICU mortality of 52.6%
(Table 1). At admission, all patients were mechanically
ventilated due to moderate to severe acute respiratory
distress syndrome (ARDS) according to Berlin definition
(average PaO,/FiO, = 123.4), and 5 of them had the con-
sequent need for extracorporeal membrane oxygenation
(ECMO) therapy.

We collected blood samples within 24 hours of ICU
admission (n = 19) and, for those who survived (n = 10),

TABLE 1 Cohort characteristics

COVID-19 ICU patients n
Sex Female
Male

Age, mean (range)
Comorbidities, mean (range)
Hypertension
Diabetes
Obesity (BMI >30.1 kg/m?)

Chronic lung disease

Chronic ischaemic limb artery

disease

Ischaemic heart disease - heart

failure
Cancer
BMI (kg/m?), mean (range)
SOFA, mean (range)
CRP (mg/L), mean (range)
Creatinine (pmol/L) (range)
Leucocyte count (10°/L), mean

Horowitz index (PaO,/FiO,), mean

ECMO Days on ECMO, mean (range)
Bacterial superinfection n

Fungal infection n

Antibiotic therapy n

Remdesivir

Dexamethasone

Note: Parameters are referred to the time of ICU admission.

at the time of complete resumption of spontaneous ven-
tilation (n = 8 samples acquired), and upon their release
from ICU (n = 4 samples acquired). We then performed
whole-blood immunophenotyping using flow cytometry
labelling panels designed to analyse T cell and myeloid
cell subsets (Table. S1). The gating strategies used to iden-
tify each subset are presented in Figure S1, Figure S2 and
Figure S3.

3.2 | T cell subsets differ significantly
between COVID-19 subsequent
survivors and non-survivors at point of
ICU admission

Firstly, we observed that total T cell counts and propor-
tions of CD4+ and CD8+ T cells among total T cells did

Total Survivors Deceased
19 (100%) 10 (52.6%) 9 (47.4%)
1(5.3%) 0 (0%) 1(11.1%)
18 (94.7%) 10 (100%) 8 (88.9%)
68 (47-78) 67.6 (47-77) 66 (51-78)
2.3(0-5) 1.9 (0-4) 2.8 (1-5)
15 (78.9%) 9 (90%) 6 (66.7%)
7 (36.8%) 2(28.6%) 5 (71.4%)
11 (57.9%) 5 (50%) 6 (66.7%)
4(21%) 1 (10%) 3(33.3%)
1(5.3%) 1(10%) 0
2(10.5%) 2 (20%) 0
3(15.8%) 2 (20%) 1(11.1%)
32.3(25.4-46.1) 31.1(26.1-37) 33.1(25.4-46.1)
9.79 (3-16) 9(5-12) 10.7 (3-16)

192.6 (37.8-344.9)
118.1 (54-213)

202.6 (79.1-344.9)
101.9 (61-194)

181.4 (37.8-341.7)
136.3 (54-213)

19.97 27.75 12.21
123.4 122.2 124.8

5(26.3%) 2(20%) 3(33.3%)
9.6 (7-15) 7.5 (7-8) 11 (7-15)
10 (52.6%) 6 (60%) 4 (44.4%)
5(26.3%) 3(30%) 2(22.2%)
17 (89.5%) 9 (90%) 9 (88.8%)
7(36.8%) 5 (50%) 2(22.2%)
8(42.1%) 5 (50%) 3(33.3%)

Abbreviations: BMI, body mass index; CRP, C-reactive protein; ECMO, extracorporeal membrane oxygenation; SOFA, sequential organ failure assessment

score.
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not change during the initial stages of in-ICU recovery of
COVID-19 survivors (Figure 1A, Figure S3A). However,
we saw that non-survivors had a significantly higher
ratio of CD4-to-CD8 T cells compared with survivors at
the point of admission to ICU, which was mostly due to
a decreased number of circulating CD8+ T cells in non-
survivors (Figure 1B, Figure S3A). As a corroboration of
previous studies,"? receiver operator curve (ROC) analysis
showed that low CD8+ T cell count is a predictor of in-
ICU mortality of severe COVID-19 cases (Figure S3B).

Next, we compared the subset composition of the
CD4+ and CD8+ T cell populations in survivors and non-
survivors at the time of ICU admission. Visual inspec-
tion of UMAP clustering indicated that several subsets of
CD4+ and CD8+ T cells differed in abundance between
survivors and non-survivors (Figure 1C). Closer analysis
of the T cell subsets showed significantly lower numbers
of CD8+ central memory (CM, CD27+ CD45RA-), effec-
tor memory (EM, CD27- CD45RA-) and terminal effector
memory T cells re-expressing CD45RA (TEMRA, CD27-
CD45RA+), but not naive T cells (CD274+ CD45RA+), in
non-survivors (Figure 1D, Figure S4C). Interestingly, the
fraction of CD8+ TEMRA-expressing CD57 was compa-
rable between the two groups, indicating a similar degree
of TEMRA exhaustion (Figure S4D). Finally, ROC analy-
ses demonstrated that CD8+ CM, EM and TEMRA counts
were good predictors of in-ICU death (Figure 1E).

To rule out that the observed decrease in CD8+ T cells
could be due to an increased migration of such cells to the
inflamed sites, we measured the level of CCR5+ T cells in
our cohort. We did not observe any significant difference
in CCR5+ T cells nor activated CD38+ CCR5+ T cells at
the time of ICU admission between patients who survived
and those who did not (Figure 1F, Figure S4E). Similarly,
we did not observe any difference in the frequency of ac-
tivated CD38+ HLA-DR+cells in both CD4+ and CD8+ T
cell subsets (Figure 1F, Figure S4E).

Taken together, these results indicate that patients who
do not survive severe COVID-19 display T cell subset im-
balances at the onset of the critical phase of their disease,
particularly showing decreased CD8+ frequency which
is possibly due to lowered counts of CD8+ EM, CM and
TEMRA. This is consistent with a recent study showing

that CD8+ T cell counts negatively correlate with disease
severity,"” although lacking the comparison between sur-
vivors and non-survivors presented here.

3.3 | Monocyte frequencies and
HLA-DR expression increase with
COVID-19 recovery

Among the different myeloid cell subsets, we observed
that the concentration of classical monocytes in the
blood of patients who survived was low upon admission
to ICU but significantly increased at the time of restora-
tion of spontaneous ventilation (Figure 2A). However,
we did not detect any differences in granulocyte (neu-
trophils and basophils), NK cell or pDC concentration
during in-ICU recovery stages of survivors. Similarly,
we found that non-lymphocyte cell concentrations were
comparable between survivors and non-survivors at ICU
admission (Figure 2B). When we examined the monocyte
subsets of survivors more closely, we observed significant
changes in HLA-DR levels in the classical and interme-
diate monocyte fraction, being reduced during the acute
phase of the pathology (ICU admission) but increasing at
later time points (Figure 2C). Similarly, we detected lower
HLA-DR levels on classical monocytes in non-survivors
(Figure 2C). Although we did not observe any difference
in the levels of CD14* HLA-DR immunosuppressive
monocytes (Figure 2B), our results concerning survivors
are in accordance with recent studies demonstrating that
severe COVID-19 cases showed profound dysregulation of
the circulating monocyte subsets, leading to the downreg-
ulation of HLA-DR and, consequently, the accumulation
of dysfunctional CD14* HLA-DR" monocytes.”!!®

3.4 | CD4-to-CDST cell ratio and
neutrophil-to-CD8 T cell ratio predict in-
ICU mortality

As CD8+ T cells were the most affected subset in our
COVID-19 cohort, we asked whether the CD4-to-CD8 T
cell ratio or the neutrophil-to-CD8 T cell ratio could be

FIGURE 1 T cell subset alterations in COVID-19 survivors and non-survivors. A, Cell counts of total T cells, and CD4+ and CD8+

T cell subsets at different time points in blood from severe COVID-19 survivors (n = 10, 8 and 4 at admission, restoration of spontaneous
ventilation and release from ICU respectively). B, Cell counts of total T cells, CD4+ and CD8+ T cell subsets, and CD4-to-CD8 ratio
comparison at ICU admission between severe COVID-19 survivors and non-survivors. C, UMAP clustering of the CD3+ population in
survivors and non-survivors. D, Comparison of naive (CD27+ CD45R+), CM (CD27+ CD45RA-), EM (CD27- CD45RA-) and TEMRA
(CD27- CD45RA+) subset cell counts among CD4+ and CD8+ T cells, measured at ICU admission of subsequent survivors and non-
survivors. E, ROC curves for the total counts of main CD8+ T cell subsets. F, Frequency of CD38+ HLA-DR+, CD38+ CCR5+ and CCR5+ T
cells among CD4+ (top) and CD8+ (bottom) T cells. Data in B, D and F were analysed by Mann-Whitney test. Asterisks indicate the level of

significance. *P < .05, **P < .01
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used as a prognostic marker for COVID-19 in-ICU mortal-
ity. We found that both ratios were higher in non-survivors
compared with survivors at the point of ICU admission
(Figure 3A): the area under the curve (AUC) of ROCs
was 0.867 (P = .007) and 0.767 (P = .050) respectively

(Figure 3B). Furthermore, Kaplan-Meier analyses dem-
onstrated that both the parameters were good predic-
tors of in-ICU mortality for severe COVID-19 patients
(Figure 3C). In healthy individuals, the CD4-to-CD8 ratio
ranges between 1.5 and 2.5 and is known to increase with
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FIGURE 2 Differences in myeloid subsets between COVID-19 survivors and non-survivors. A, Total cell counts for granulocytes, NK
cells, plasmacytoid DCs (pDCs) and classical (Classical M.), intermediate (Interm. M), non-classical (Non-class. M.) and CD14+ HLADR
monocytes in severe COVID-19 survivors at different time points. B, Comparison of granulocyte and other myeloid cell subset counts at ICU
admission between severe COVID-19 survivors and non-survivors. C, Changes in HLA-DR mean fluorescence intensity (MFI) at different
time points (left) and at ICU admission between severe COVID-19 survivors and non-survivors (right) in each monocyte subset. Multiple
comparisons (panel A, C) were computed by Kruskal-Wallis test with Dunn's correction. Single comparisons (panel B, C) were computed by

Mann-Whitney test. Asterisks indicate the level of significance. *P < .05

age.”’18 Although a low or inverted ratio is considered an
immune risk phenotype,19 here, we show that patients
with a CD4-to-CD8 ratio higher than 3 were more likely
to succumb to severe COVID-19 (Figure 3C). Consistent
with other studies showing that higher neutrophil-to-CD8
ratios were predictive of a severe COVID-19 course,” we
found that a neutrophil-to-CD8 ratio higher than 85.2 was
also predictive of in-ICU mortality (Figure 3C). Although
neither of the ratios correlated with a longer stay in ICU
(for survivors) nor with the time from ICU admission to
death (Figure 3D), we found that the CD4-to-CD8 ratio
positively correlated with the sequential organ failure as-
sessment (SOFA) score (Figure 3E,F). Similarly, we ob-
served that the CD4-to-CDS ratio was the only parameter
correlating with in-ICU mortality (Table S2). Although
the CD4-to-CDS ratio is known to rise with age,18 we did
not observe any correlation between the CD4-to-CD8 ratio
and the age of our patients, or any correlation between age
and mortality (Figure 3E, Figure S5A, Table S2). Finally,
while the neutrophil-to-CDS ratio significantly decreased
with the improvement of the pathology, the CD4-to-CD8
ratio remained stable at the different time points (Figure
S5B). Our data suggest that although both CD4-to-CD8
and neutrophil-to-CD8 ratios are predictive of in-ICU
mortality of severe COVID-19 cases ICU, the former ap-
pears to have stronger predictive potential as it remains
stable throughout treatment in survivors.

4 | DISCUSSION

In this study, we employed two flow cytometry panels to
analyse whole-blood samples from severe COVID-19 pa-
tients admitted to ICU in order to describe the dynamics
of myeloid and T cell subset populations during the criti-
cal phase of the disease.

Our analysis of the myeloid compartment showed
comparable monocyte subset frequencies between survi-
vors and non-survivors. This is an important observation
because although severe COVID-19 cases share many
of the clinical hallmarks of bacterial septic shock, these
findings point towards key differences in the immune
dysregulations underlying severe COVID-19 to those we
and others reported in sepsis.n’22 In survivors, the relative
frequency of classical monocytes increased significantly

between ICU admission and restoration of spontaneous
ventilation, accompanied by increased expression of
HLA-DR across all CD14+ mononuclear cells. Consistent
with other studies, these results suggest the accumulation
of dysfunctional and immunosuppressive monocytes with
a myeloid-derived suppressor cell-like phenotype during
the first phases of severe COVID-19.%

When we compared the T cell subset composition in
the blood of survivors and non-survivors upon admis-
sion to ICU we observed lower counts of CM, EM and
TEMRA subsets within total CD8+ T cells in subsequent
non-survivors, which was accompanied by an overall sig-
nificantly lower frequency of total CD8+ T cells within
the T cell compartment. Although reduced CD8+ T cell
counts are known to be associated with the severity of this
disease and eventual mortality, the difference in relative
abundance of CD8+ T cell subsets might be due to distinct
- and not exclusive - scenarios.*** On one hand, a puta-
tive heightened inflammation would increase the migra-
tion of CM and EM T cells to the secondary lymph nodes
and the inflamed lungs respectively.* On the other hand,
as it was recently demonstrated that acute COVID-19
patients display higher proportions of CD8+ EM and
TEMRA, the reduced counts observed in non-survivors
might underlie a defective activation of the CD8+ T cell
arm."® Finally, we can speculate that these disproportions
in CD8 T cell subpopulations might also be already pres-
ent in these patients even before the infection. Supporting
this hypothesis, we did not observe any difference in the
fraction of CD57+ cells among CD8+ TEMRA, suggesting
that T cells might reach similar exhaustion levels irrespec-
tive of the outcome. Similarly, we failed to observe any
differences between survivors and non-survivors in the
frequency of CD38+ HLA-DR+CD8+ T cells, nor in the
frequency of CCR5+ T cells, suggesting a similar degree
of T cell activation. Moreover, we demonstrated that lower
CD8+ CM, EM and TEMRA counts were associated with
in-ICU death. Interestingly, a recent study on a popula-
tion of octogenarians demonstrated that higher counts of
CD27- CD28+ CD8+ TEMRA protected against all-cause
death independently of CMV serostatus.” Furthermore, it
was also demonstrated that CD8+ CD57- TEMRA retain
a functional, highly proliferative phenotype with differ-
entiation plasticity.”® This suggests that the effector func-
tions proposed already two decades ago, including Fas
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FIGURE 3 CD4-to-CD8 and neutrophil-to-CD8 ratios predict ICU mortality of severe COVID-19 patients. A, CD4-to-CD8 ratio and
neutrophil-to-CDS8 ratio measured at ICU admission in COVID-19 survivors and non-survivors. B, ROC curves for CD4-to-CD8 ratio and
neutrophil-to-CDS8 ratio. C, Kaplan-Meier analysis of CD4-to-CD8 ratio and neutrophil-to-CD8 ratio measured at the time of ICU admission.
Thresholds were set to match the highest likelihood ratio. D, Correlation between CD4-to-CD8 ratio (green) or neutrophil-to-CD8 ratio
(purple) and length of stay in ICU for survivors (left panel) and non-survivors (right panel). Lines were drawn using linear regression. E,

Correlation matrix between different measured parameters. The colour of each box indicates the Spearman r values. Symbols indicate the
level of significance. “P < .1, *P < .05, **P < .01, ***P < .001. F, Plot of the Spearman correlation between the SOFA score and the CD4-
to-CD8 ratio. The line was drawn using linear regression. Grey area indicates 95% confidence interval of the best fit line. P value indicates

the F test result testing the null hypothesis of a zero-slope line. Data in a were analysed by Mann-Whitney test. Survival curves in c were

compared with a Log-rank Mantel-Cox test. Correlations in D, E and F were calculated by a Spearman correlation test. Asterisks indicate the

level of significance. *P < .05, **P < .01, **P < .001

ligand expression, cytokine production and lysis efficacy
of TEMRA (CD45RA+ CD27-) mediated by T cell recep-
tor, might be CD28-dependent and decline with age.””**
Therefore, further investigations on CD8+ TEMRA are
encouraged as the loss of CD28 expression might lead to
impaired T cell functions and hence decreased in host pro-
tection during COVID-19 and other viral infections.

Consistent with other recent studies we demonstrated
that the neutrophil-to-CD8 ratio serves as a predictor of
disease severity and in-ICU mortality, and that the CD4-
to-CD8 T cell ratio is a good prognostic marker for dis-
ease severity with mortality prediction power.'>2*%3!
However, the listed studies focusing predominantly on
disease severity and outcome prediction did not link im-
munophenotypic markers with survivorship in in-ICU
patients specifically. As we found that in our cohort, the
neutrophil-to-CD8 ratio decreased with disease recovery
in survivors, we believe that this marker can be efficiently
used to predict unfavourable outcomes and stratify the
ICU population. Nevertheless, we did not observe a sig-
nificant change in the CD4-to-CD8 ratio with recovery,
suggesting that this parameter might be unbalanced in-
dependently of/prior to the disease and might, thus, iden-
tify a high-risk population susceptible to lethal COVID-19
complications. The CD4-to-CDS ratio in the healthy popu-
lation is very heterogeneous and is known to rise with age,
with increased prevalence of high ratios (>5), especially
after 50 years.”‘l&32 Consistently, it was demonstrated
that an increased CD4-to-CD8 ratio identifies a popula-
tion of elders with impaired physical and mental perfor-
mance, and lower reactivity against CMV antigens,32 and
some studies have suggested that the CD4-to-CD8 T cell
ratio is a risk factor for COVID-19 critical illness and ICU
admission.*****

Our study indicates that while the neutrophil-
to-CDS8 ratio can be used as an early prognostic marker
of COVID-19 in-ICU mortality, and, thus, to stratify the
highest risk patients in ICU settings, the CD4-to-CD8 ratio
might additionally be useful to identify a high-risk pop-
ulation among currently-healthy individuals. As well as
representing a simple screening tool for older individuals,

our study shows that this approach could also be valid for
middle-aged individuals: this is of particular importance
as the 40-49- and 50-59-year-old groups currently account
for more than 25% of cases requiring hospitalization for
severe COVID-19.%° As such, a larger prospective study to
assess the relationship between high CD4-to-CD8 T cell
ratio in otherwise-healthy, or early-stage/mild COVID-19,
in middle-aged and older individuals and severe/fatal
COVID-19 is warranted.

Our study design has enabled us to effectively report
the immune cell profiles of patients admitted to ICU
with a very specific follow-up time points regarding
the actual health status of the patients - termination of
ventilation support and their release from ICU. We were
also able to track the mortality of patients with an exact
time of their passing after ICU admission. This enabled
us to assess the profiling not only within the survivors
through their course of treatment but also differences in
the immune cell profiles of survivor and non-survivor
groups. Nevertheless, there are limitations to this study.
Due to the hospital personnel capacity and overall dy-
namic situation, we unfortunately lost track of few pa-
tients, mainly at the point of their release from ICU.
Therefore, we were unable to perform proper paired
statistical analyses. Moreover, fixation of the samples
prior to their processing in our laboratory-impeded cy-
tokine analysis in the plasma and more detailed pheno-
typing regarding the antigen specificity to SARS-CoV-2.
Despite these limitations, we have provided valuable
insights with immediate clinical relevance to the treat-
ment and monitoring of the sickest COVID-19 patients
and signposted directions for future research into risk
stratification of the wider population for developing se-
vere COVID-19.

ACKNOWLEDGMENT

This research was supported by the European Social Fund
and European Regional Development Fund—Project
MAGNET (No. CZ.02.1.01/0.0/0.0/15_003/0000492) and
ENOCH (No. CZ.02.1.01/0.0/0.0/16_019/0000868), and
by the Ministry of Health of the Czech Republic, grant



10 of 11
—I—Wl LEY—|

DE ZUANI ET AL.

nr NV18-06-00529, grant nr NU21J-05-00056 and DRO
(Institute of Hematology and Blood Transfusion - UHKT,
00023736). All rights reserved. MDZ was supported by the
European Regional Development Fund - Project Support
of MSCA TF fellowships at FNUSA-ICRC (No CZ.02.2.6
9/0.0/0.0/19_074/0016274). We would like to thank the
technical support team of the Center for Translational
Medicine for technical support, and Dr Lucy Robinson
of Insight Editing London for critical review of the
manuscript.

CONFLICT OF INTEREST
The authors declare no competing interests.

AUTHOR CONTRIBUTIONS

MDZ conceived the study, designed and performed ex-
periments, analysed data, wrote the manuscript and se-
cured funding; PL designed and performed experiments
and wrote the manuscript; VT and MH recruited the pa-
tients and collected blood samples; MH and VS prepared
the study protocol and the inclusion/exclusion criteria
for patient enrolment; GF and GBS secured funding
and provided advice; JF conceived and supervised the
project, secured funding and oversaw the writing of the
manuscript. All authors read and approved the final
manuscript.

ETHICAL APPROVAL

Written informed consent was obtained from the subjects
after regaining consciousness. As for patients who failed
to regain consciousness, anonymous data were processed
with the consent of a relative. The study protocol com-
plied with the Declaration of Helsinki and was approved
by the institutional ethic committee (4G/2018).

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID

Marco De Zuani © https://orcid.
org/0000-0002-1230-2714

Petra Laznickova © https://orcid.
org/0000-0003-1633-0517

Veronika Tomaskovd (@ https://orcid.
org/0000-0002-6565-2531

Giancarlo Forte (2 https://orcid.org/0000-0002-1341-1023
Gorazd Bernard Stokin (© https://orcid.
org/0000-0001-8430-8755

Martin Helan © https://orcid.org/0000-0002-9021-4947
Jan Fri¢ (© https://orcid.org/0000-0001-6642-797X

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Armstrong RA, Kane AD, Kursumovic E, Oglesby FC, Cook
TM. Mortality in patients admitted to intensive care with
COVID-19: an updated systematic review and meta-analysis of
observational studies. Anaesthesia. 2021;76(4):537-548.
European Centre for Disease Prevention and Control.
COVID-19 surveillance report - Week 18. 2021:2021.

Saad-Roy CM, Wagner CE, Baker RE, et al. Immune life history,
vaccination, and the dynamics of SARS-CoV-2 over the next 5
years. Science. 2020;370(6518):811-818.

Mina MJ, Metcalf CJE, McDermott AB, Douek DC, Farrar J,
Grenfell BT. A global Immunological observatory to meet a
time of pandemics. Elife. 2020;9:e58989.

De Biasi S, Meschiari M, Gibellini L, et al. Marked T cell ac-
tivation, senescence, exhaustion and skewing towards TH17
in patients with COVID-19 pneumonia. Nat Commun.
2020;11(1):3434.

Chen Z, John Wherry E. T cell responses in patients with
COVID-19. Nat Rev Immunol. 2020;20(9):529-536.
Tavakolpour S, Rakhshandehroo T, Wei EX, Rashidian M.
Lymphopenia during the COVID-19 infection: what it shows
and what can be learned. Immunol Lett. 2020;225:31-32.

Mann ER, Menon M, Knight SB, et al. Longitudinal immune
profiling reveals key myeloid signatures associated with
COVID-19. Sci Immunol. 2020;5(51):eabd6197.

Laing AG, Lorenc A, Del Molino Del Barrio I, et al. A dynamic
COVID-19 immune signature includes associations with poor
prognosis. Nat Med. 2020;26(10):1623-1635.

Sanchez-Cerrillo I, Landete P, Aldave B, et al. COVID-19 sever-
ity associates with pulmonary redistribution of CD1c+ DCs and
inflammatory transitional and nonclassical monocytes. J Clin
Invest. 2020;130(12):6290-6300.

Jeannet R, Daix T, Formento R, Feuillard J, Francois B.
Severe COVID-19 is associated with deep and sustained mul-
tifaceted cellular immunosuppression. Intensive Care Med.
2020;46(9):1769-1771.

Yan X, Li F, Wang X, et al. Neutrophil to lymphocyte ratio as
prognostic and predictive factor in patients with coronavirus
disease 2019: a retrospective cross-sectional study. J Med Virol.
2020;92(11):2573-2581.

Du RH, Liang LR, Yang CQ, et al. Predictors of mortality for
patients with COVID-19 pneumonia caused by SARS-CoV-2: a
prospective cohort study. Eur Respir J. 2020;55(5):2000524.
Zhang B, Zhou X, Zhu C, et al. Immune phenotyping based on
the neutrophil-to-lymphocyte ratio and IgG level predicts dis-
ease severity and outcome for patients with COVID-19. Front
Mol Biosci. 2020;7(157):157.

Carissimo G, Xu W, Kwok I, et al. Whole blood immuno-
phenotyping uncovers immature neutrophil-to-VD2 T-cell
ratio as an early marker for severe COVID-19. Nat Commun.
2020;11(1):5243.

Schulte-Schrepping J, Reusch N, Paclik D, et al. Severe
COVID-19 is marked by a dysregulated myeloid cell compart-
ment. Cell. 2020;182(6):1419-1440 e1423.

McBride JA, Striker R. Imbalance in the game of T cells: what
can the CD4/CD8 T-cell ratio tell us about HIV and health?
PLoS Pathog. 2017;13(11):e1006624.

Li M, Yao D, Zeng X, et al. Age related human T cell subset
evolution and senescence. Immun Ageing. 2019;16:24.


https://orcid.org/0000-0002-1230-2714
https://orcid.org/0000-0002-1230-2714
https://orcid.org/0000-0002-1230-2714
https://orcid.org/0000-0003-1633-0517
https://orcid.org/0000-0003-1633-0517
https://orcid.org/0000-0003-1633-0517
https://orcid.org/0000-0002-6565-2531
https://orcid.org/0000-0002-6565-2531
https://orcid.org/0000-0002-6565-2531
https://orcid.org/0000-0002-1341-1023
https://orcid.org/0000-0002-1341-1023
https://orcid.org/0000-0001-8430-8755
https://orcid.org/0000-0001-8430-8755
https://orcid.org/0000-0001-8430-8755
https://orcid.org/0000-0002-9021-4947
https://orcid.org/0000-0002-9021-4947
https://orcid.org/0000-0001-6642-797X
https://orcid.org/0000-0001-6642-797X

DE ZUANI ET AL.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wikby A, Mansson IA, Johansson B, Strindhall J, Nilsson SE.
The immune risk profile is associated with age and gender:
findings from three Swedish population studies of individuals
20-100 years of age. Biogerontology. 2008;9(5):299-308.

LiuJ, Li S, Liu J, et al. Longitudinal characteristics of lympho-
cyte responses and cytokine profiles in the peripheral blood of
SARS-CoV-2 infected patients. EBioMedicine. 2020;55:102763.
Hortova-Kohoutkova M, Laznickova P, Bendickova K, et al.
Differences in monocyte subsets are associated with short-term
survival in patients with septic shock. J Cell Mol Med.
2020;24(21):12504-12512.

Coz Yataco AO, Simpson SQ. Coronavirus disease 2019
sepsis: a nudge toward antibiotic stewardship. Chest.
2020;158(5):1833-1834.

Benlyamani I, Venet F, Coudereau R, Gossez M, Monneret
G. Monocyte HLA-DR measurement by flow cytome-
try in COVID-19 patients: an interim review. Cytometry A.
2020;97(12):1217-1221.

Martin MD, Badovinac VP. Defining memory CD8 T cell. Front
Immunol. 2018;9:2692.

Martin-Ruiz C, Hoffmann J, Shmeleva E, et al. CMV-
independent increase in CD27-CD28+ CD8+ EMRA T cells is
inversely related to mortality in octogenarians. NPJ Aging Mech
Dis. 2020;6:3.

Verma K, Ogonek J, Varanasi PR, et al. Human CDS8+
CD57- TEMRA cells: too young to be called "old". PLoS One.
2017;12(5):e0177405.

Parish ST, Wu JE, Effros RB. Sustained CD28 expression delays
multiple features of replicative senescence in human CD8 T
lymphocytes. J Clin Immunol. 2010;30(6):798-805.

Hamann D, Baars PA, Rep MH, et al. Phenotypic and functional
separation of memory and effector human CD8+ T cells. J Exp
Med. 1997;186(9):1407-1418.

Pallotto C, Suardi LR, Esperti S, et al. Increased CD4/CD8
ratio as a risk factor for critical illness in coronavirus disease

30.

31.

32.

33.

34.

35.

2019 (COVID-19): a retrospective multicentre study. Infect Dis
(Lond). 2020;52(9):675-677.

Liao D, Zhou F, Luo L, et al. Haematological characteristics
and risk factors in the classification and prognosis evaluation
of COVID-19: a retrospective cohort study. Lancet Haematol.
2020;7(9):e671-e678.

Wang F, Hou H, Yao Y, et al. Systemically comparing host im-
munity between survived and deceased COVID-19 patients.
Cell Mol Immunol. 2020;17(8):875-877.

Adriaensen W, Derhovanessian E, Vaes B, et al. CD4:8 ratio >5
is associated with a dominant naive T-cell phenotype and im-
paired physical functioning in CMV-seropositive very elderly
people: results from the BELFRAIL study. J Gerontol A Biol Sci
Med Sci. 2015;70(2):143-154.

Diao B, Wang C, Tan Y, et al. Reduction and functional ex-
haustion of T cells in patients with coronavirus disease 2019
(COVID-19). Front Immunol. 2020;11:827.

Zhang H, Wu T. CD4+T, CD8+T counts and severe COVID-19:
a meta-analysis. J Infect. 2020;81(3):e82-e84.

European Centre for Disease Prevention and Control.
COVID-19 surveillance report - Week 18. 2020:2020.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: De Zuani M, Laznickova P,
Tomaskova V, et al. High CD4-to-CDS ratio identifies
an at-risk population susceptible to lethal COVID-19.
Scand J Immunol. 2022;95::e13125. d0i:10.1111/

§ji.13125


https://doi.org/10.1111/sji.13125
https://doi.org/10.1111/sji.13125

