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Abstract: Background: COVID-19 is an infectious disease caused by the severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2). Many COVID-19 patients require invasive mechanical
ventilation (IMV) while others, even with acute respiratory failure, do not (NIMV). Therefore, we
aimed to evaluate serum levels of MMP-7 and molecules related to exhausted T-cells as potential
biomarkers to differentiate between IMV and NIMV patients. Methods: 105 patients diagnosed
with COVID-19 and confirmed by RT-PCR for SARS-CoV-2 were divided into two groups according
to the requirement for IMV. Serum levels of sPD-L1, sPD-L2, sTIM-3, sGal-9 and sMMP-7 were
quantified by ELISA and correlated with clinical data. Twelve patients were followed up after eight
months to compare the levels of the biomarkers between acute disease and post-COVID-19. Results:
IMV patients experienced a lower PaO,/FiO; (p < 0.0001) and a longer hospital stay (p < 0.0001),
and exhibited higher levels of sPD-L1 (p < 0.05), sTIM-3 (p < 0.01) and sMMP-7 (p < 0.0001) when
compared with NIMV patients. According to a ROC analysis, sSMMP-7 had the highest sensitivity
(78%) and specificity (76%) with a cut point of 4.5 ng/mL, followed by sTIM-3 and sPD-L1. Eight
months post-COVID-19, IMV patients displayed a significant decrease in the initially high levels of
sPD-L1, sTIM-3 and sGal-9, while sPD-L2 was increased, and sMMP-7 was unchanged. Conclusion:
Circulating levels of sPD-L1, sTIM-3 and sMMP-7 are potential biomarkers of disease severity to
distinguish patients requiring IMV. MMP-7 could also be a marker for the persistence of lung lesions
post-COVID-19.

Keywords: biomarkers; invasive mechanical ventilation; COVID-19

1. Introduction

COVID-19 is an infectious disease caused by the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). The World Health Organization (WHO) declared COVID-19
as a pandemic in March 2020, and on 30 June 2021, reported 180,492,131 COVID-19 accu-
mulated cases and 3,916,771 deaths worldwide [1].

It has been widely described that numerous COVID-19 patients develop an excessive
inflammatory response, both at the local and systemic level, resulting in the patient’s
deterioration [2]. Severe pneumonia and acute respiratory distress syndrome (ARDS) are
common complications in these patients, and the severity of respiratory failure increases
mortality by around 50%. Many of these patients require invasive mechanical ventilation
(IMV), while others require only supplemental oxygen through a nasal cannula (NIMV) [3].

The development of an excessive inflammatory process in COVID-19 is likely asso-
ciated with a dysregulated immune response. T cells are central players in the adaptive
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immune response, and within the context of COVID-19, it has been reported that criti-
cally severe patients had significantly decreased counts for CD4+ and CD8+ lymphocyte
subpopulations [4]. The immune response needs modulators to maintain homeostasis,
but an excess may also induce a dysregulated response. For instance, T cells from severe
COVID-19 patients show an increased expression of immune-inhibitory molecules, such as
programmed cell death protein ligand-1 (PD-L1) and T-cell immunoglobulin and mucin-
domain containing-3 (TIM-3). It has been suggested that increased PD-L1 expression leads
to CD8+ T-cell exhaustion and may contribute to the development of a cytokine storm [5,6].

In the general context of viral infection, increased levels of soluble forms of PD-L1
(sPD-L1) and TIM-3 (sTIM-3) have been reported as potential immune biomarkers related
mainly to the inflammatory response [7,8]. A recent study with a small cohort of COVID-19
patients revealed that these patients displayed higher serum levels of PD-L1 than healthy
controls, and it seems to have a prognostic role [9].

In other research, a high level of matrix metalloproteinase 7 (MMP-7) has been reported
as an inflammatory marker in viral infection [10]. MMP-7 is a protease that, among other
functions, breaks down the extracellular matrix deposited in the lung after injury, and one
study has suggested that it could be a novel biomarker for COVID-19 ARDS recovery [11].

In COVID-19 patients, there is limited data on the circulating levels of sPD-L2, which
like PD-L1, suppresses T cells activation. Likewise, data is lacking for TIM-3 and one of its
more important ligands, the soluble form of Galectin-9 (sGal-9). Moreover, studies have
yet to identify possible serum biomarkers that will help discern if a patient with COVID-19
will require invasive ventilatory support. Therefore, this study aimed to evaluate if MMP-7
and the serum level of molecules related to exhausted T-cells are increased in those patients
that require IMV and can differentiate between IMV and NIMV patients.

2. Materials and Methods
2.1. Study Population

We conducted a cross-sectional study after enrolling 105 patients diagnosed with
COVID-19 and confirmed by RT-PCR for SARS-CoV-2 that had been hospitalized at the
Instituto Nacional de Enfermedades Respiratorias (INER), Mexico City, from March to Au-
gust 2020. Twelve patients were re-evaluated eight months after they had been discharged
due to improvement. Patients were divided into two groups, IMV and NIMV, according to
the requirement for invasive mechanical ventilation (NIMV patients received supplemental
oxygen by nasal cannula). In addition, a control group of age-matched healthy donors (HD)
was selected from a previously described cohort [12]. All were asymptomatic respiratory
volunteers invited to participate in our “Lung Ageing Program”, and their blood samples
had been obtained prior to the COVID-19 pandemic (n = 23, age 51 £ 9).

2.2. Ethical Approval

This protocol was approved by the ethical committee of the Instituto Nacional de
Enfermedades Respiratorias Ismael Cosio Villegas (Protocol numbers C41-20 and C42-20).
All individuals signed a consent letter to participate in this study.

2.3. Clinical Data and Blood Sampling

Clinical records were reviewed to identify comorbidities, demographic data, smoking
status and respiratory parameters at hospital admission. The body mass index (BMI) was
used to define obesity (>30), and PaO,/FiO, was established with arterial blood.

The blood samples for initial clinical analysis were collected at hospital admission by
clinical laboratory staff using serum separator tubes containing a clot activator and a serum
separator gel (BD Vacutainer 367864 or BD Vacutainer, SST). All sera were stored at —20 °C
until its use.
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2.4. ELISA Sandwich Assay

sPD-L1 (Cat. No. DB7H10, sensitivity 4.5 pg/mL), sPD-L2 (Cat. No. DY1224, sensi-
tivity 93.8 pg/mL), sTIM-3 (Cat. No. DY2365, sensitivity 62.5 pg/mL), sGal-9 (Cat. No.
DY2045, sensitivity 93.8 pg/mL) and sMMP-7 (Cat. No. DMP700, sensitivity 0.094 ng/mL)
were measured with kits provided by R&D Systems (Minneapolis, MN, USA). All of
the potential biomarkers were quantified by an Enzyme-Linked Immunosorbent Assay
(ELISA) in sera by comparison with the corresponding standard curve and following the
manufacturer’s instructions.

2.5. Statistical Analysis

Data were collected in Excel and analysed with Stata 13.1 (Stata Corp LP, College
Station, TX, USA), GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) and R Studio
IDE 1.4.1103, RStudio, Inc. A Kolmogorov-Smirnov test was used to assess normality;
parametric statistics were evaluated for those variables with a normal distribution, while
for those with a free distribution, non-parametric statistics were evaluated.

Clinical and ELISA data is presented as the mean +/— standard deviation (SD). To
analyse quantitative clinical variables between two groups, a Student’s t-test was used. In
addition, the Pearson’s chi-square or Fisher’s exact test were performed as appropriate
in a contingency table for clinical qualitative variables. ELISA data were analysed with
a Mann-Whitney test to compare the results between two groups (HD vs. COVID-19
patients), while the comparison among three groups (HD, IMV and NIMV) was determined
by an ANOVA test with a Kruskall-Wallis test to adjust for multiple comparisons.

Spearman’s correlation coefficient was used compare biomarkers with relevant de-
mographic variables. A receiver operating characteristics (ROC) curve was generated
to determine cut points, sensitivity, specificity, and the area under the curve (AUC) for
the biomarkers.

3. Results
3.1. Patient Demographics and Clinical Features

The clinical characteristics and demographics of the IMV group (n = 76) and the
NIVM group (n = 29) are shown in Table 1. Patients in the IMV group experienced a lower
PaO, /FiO; (p < 0.0001) and a significantly longer hospital stay (p < 0.0001). These patients
also exhibited increased levels of C reactive protein (p = 0.0002), D-dimer (p = 0.0009),
procalcitonin (p < 0.0001), lactate dehydrogenase (p < 0.0001), troponin (p = 0.002) and
leukocytes (p = 0.001). Of note, almost all patients in the NIMV group were current smokers
(p < 0.0001). There were no significant differences for the other variables studied.

Table 1. Demographic and clinical characteristics of COVID-19 patients.

Variables (I;II=N;\9/) (nIl:[;fG) p-Value
Age, years (£SD) 46 (12) 50 (11) 0.14
Male gender (%) 20 (69) 49 (64) 0.81
Body mass index (£SD) 29 (5) 29 (5) 0.72
Current smoking (%) 28 (97) 23 (30) <0.0001
Diabetes mellitus (%) 11 (38) 21 (27) 0.36
Hypertension (%) 1(3) 17 (22) 0.02
PaO, /FiO, (£SD) 244 (47) 133 (64) <0.0001
Hospital stay (+SD) 13 (11) 38 (14) <0.0001
C-reactive protein (£SD) 8.9 (10) 24 (46) 0.0002
D-dimer (£SD) 0.87 (1) 2.39 (5) 0.0009
Procalcitonin (£SD) 0.13 (0.27) 0.62 (1) <0.0001
Lactate dehydrogenase (+5D) 346 (131) 556 (261) <0.0001
Troponin (+SD) 86 (163) 126 (550) 0.002

Fibrinogen (+SD) 644 (152) 732 (228) 0.07
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Table 1. Cont.

NIMV IMV

Variables (1 = 29) (1 = 76) p-Value
Leukocytes (£SD) 7.6 (3) 11 (5) 0.001
Lymphocytes (£SD) 0.98 (4) 1.01 (0.75) 0.49
Platelets (+SD) 255 (154) 247 (100) 0.65

NIMYV, non-invasive mechanical ventilation; IMV, invasive mechanical ventilation; PaO, /FiO,, arterial pressure
of oxygen/inspired fraction of oxygen.

3.2. sPD-L1 Is Increased in COVID-19 Patients, Mainly in Those That Required IMV

COVID-19 patients exhibited a three-fold increase in the level of sPD-L1 compared to
HD (150 £ 76 vs. 52 £ 15 pg/mL, p < 0.0001) (Figure 1a). When the patients were divided
between IMV and NIMYV, we observed that IMV patients had significantly greater levels of
sPD-L1 compared to NIMV patients (160 & 84 vs. 121 £ 34 pg/mL, p < 0.05) (Figure 1b).
Regarding the levels of sPD-L2, no differences were observed when COVID-19 patients
were compared to HD (4143 + 4059 vs. 4017 + 1261 pg/mL) (Figure 1c), or when NIMV
patients were compared to IMV patients (5128 £ 5094 vs. 3782 £ 3743 pg/mL) (Figure 1d).
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Figure 1. The circulating level of sPD-L1 is increased in COVID-19 patients, mainly in those that
required IMV. Serum levels of sPD-L1 were evaluated in total COVID-19 patients and divided into
invasive mechanic ventilation (IMV) and non-invasive mechanic ventilation (NIMV) groups (a,b).
Serum levels of sSPD-L2 were evaluated in total COVID-19 patients and divided into IMV and NIMV
groups (c,d). Graphs show individual values and the mean =+ SD. Statistical analysis was performed
with the Mann—-Whitney test (a,c) or an ANOVA test adjusted by the Kruskal-Wallis method (b,d).
*p <0.05, *** p < 0.0001. Asterisks indicate a significant comparison with the healthy donor (HD)
group, and when the asterisk is over a line, it indicates a significant comparison between IMV and
NIMV. Empty circles represent healthy donors group, empty triangles COVID-19 group, black circles
IMV group, empty diamonds NIMV group.

3.3. sTIM-3 Is Increased in COVID-19 Patients, Mainly in Those That Required IMV

To ascertain if biomarkers associated with the Galectin-9/Tim-3 signalling pathway
were increased in COVID-19 compared with healthy controls, and could distinguish be-
tween IMV and NIMYV patients, we measured the concentration of both molecules for the
three groups. We observed that COVID-19 patients had a near five-fold increase in the level
of sSTIM-3 compared to HD (3198 4= 1512 vs. 697 4 255 pg/mL, p < 0.0001) (Figure 2a). Fur-
thermore, and similar to our observation for sPD-L1, IMV patients had significantly higher
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serum concentrations of sTIM-3 than NIMV patients (3431 &£ 1541 vs. 2566 & 1249 pg/mL,
p <0.01) (Figure 2b).

*k

a) 8000 Hkkk b) 8000 .
= 2 *x
£ 6000 ]
]
<)
2
p 4000
=
= 2000
0 T T T
HD IMV NIMV
C) 25,0007 -
=" 20,000 g
(S
B a
g 15,000 4 "
2 10,000 °<9
©
‘9, 5000 -
P
0 T T
HD covID-19 HD IMV NIMV

Figure 2. The circulating level of sTIM-3 is increased in COVID-19 patients, mainly in those that
required IMV. Serum levels of sTIM-3 were evaluated in total COVID-19 patients and divided
into invasive mechanic ventilation (IMV) and non-invasive mechanic ventilation (NIMV) groups
(a,b). Serum levels of sGal-9 were evaluated in total COVID-19 patients and divided into IMV and
NIMYV groups (c¢,d). Graphs show individual values and the mean =+ SD. Statistical analysis was
performed with the Mann-Whitney test (a,c) or an ANOVA test adjusted by the Kruskal-Wallis
method (b,d). *p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001. Asterisks indicate a significant
comparison with the healthy donor (HD) group, and when the asterisk is over a line, it indicates
a significant comparison between IMV and NIMV. Empty circles represent healthy donors group,
empty triangles COVID-19 group, black circles IMV group, empty diamonds NIMV group.

In contrast, although the level of sGal-9 was two-fold higher in COVID-19 patients
when compared to HD (8152 4 4119 vs. 4023 & 1414 pg/mL, p < 0.0001) (Figure 2c), there
was no difference between the IMV and NIMV groups (8450 4= 4515 vs. 7146 + 2499 pg/mL)
(Figure 2d).

Taken together, our data indicates that two immune checkpoint pathways, PD1/PD-L1
and TIM-3/Gal-9, are altered in COVID-19, and that specifically, sPD-L1 and sTIM-3 serum
levels can differentiate between IMV and NIMV patients.

3.4. The sMMP-7 Level Is Increased Only in COVID-19 Patients That Required IMV

It was recently reported for a small cohort of COVID-19 patients that several MMPs,
including MMP-7, increase with the severity of COVID-19 (11). Here, we evaluated the
level of sMMP-7 and observed a significant increase for COVID-19 patients when compared
to HD (6.4 = 4.4 vs. 4.3 + 1.4 ng/mL, respectively; p < 0.05) (Figure 3a). Remarkably,
we found that the level of this enzyme was increased only in those patients that required
invasive mechanical ventilation, since the level for the NIMV group was similar to HD
(IMV, 7.3 £ 4.5; NIMV, 4.2 + 3.1; HD, 4.3 £+ 1.4 ng/mL; IMV versus NIMV, p < 0.0001)
(Figure 3b). Thus, our data indicate that sMMP-7 could be used as a potential biomarker to
differentiate between IMV and NIMV.
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Figure 3. The circulating level of SMMP-7 is increased in COVID-19 patients that required IMV.
Serum levels of MMP-7 (sMMP-7) were evaluated in total COVID-19 patients and divided into
invasive mechanic ventilation (IMV) and non-invasive mechanic ventilation (NIMV) groups (a,b).
Graphs show individual values and the mean £ SD. Statistical analysis was performed with the
Mann-Whitney test (a) or an ANOVA test adjusted by the Kruskal-Wallis method (b). * p < 0.05,
*** p < 0.001, **** p < 0.0001. Asterisks indicate a significant comparison with the healthy donor (HD)
group, and when the asterisk is over a line, it indicates a significant comparison between IMV and
NIMV. Empty circles represent healthy donors group, empty triangles COVID-19 group, black circles
NIMV group, empty diamonds IMV group.

3.5. sSMMP-7, sTIM-3 and sPD-L1 Levels Can Be Potential Biomarkers to Identify IMV Patients

A receiver operating characteristic (ROC) curve analysis was applied to investigate
the predictive value of the five putative biomarkers for distinguishing patients at risk of
requiring IMV. According to the ROC curve, the biomarker that presented the highest
sensitivity and specificity was sMMP-7 (78% and 76%, respectively; cut point 4.5 ng/mL),
followed by sTIM-3 (70% and 58%, respectively; cut point 2626 pg/mL) and sPD-L1 (71%
and 48%, respectively; cut point 116.83 pg/mL) (Figure 4). sPD-L2 (44% and 34% respec-
tively; cut point 19.56 ng/mL; AUC 0.43) and sGAL-9 (53% and 54%, respectively; cut point
7874.21 ng/mL; AUC 0.56) exhibited both low sensitivity and specificity (unplotted data).
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sTIM-3, AUC=0.6781 Reference

Figure 4. Analysis of circulating biomarkers (sMMP7, sPDL-1 and sTIM3) among IMV and NIMV
using receiver operator characteristic (ROC) curves. AUC, area under the curve.

3.6. Correlations for Biomarkers, Serum Levels, and Clinical Characteristics

We examined whether the concentrations of the biomarkers correlated with the clinical
findings for both IVM and NIMV patients. According to the data in Figure 5, we found a
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positive correlation between sTIM-3 and age (Rho 0.37, p = 0.0008), IMV days (Rho 0.31,
p = 0.006), D-dimer (Rho 0.26, p = 0.02), troponin (Rho 0.39, p = 0.007) and procalcitonin
(Rho 0.25, p = 0.04), and a negative correlation with PaO,/FiO, (Rho —0.23, p = 0.04).
MMP-7 exhibited a positive correlation with age (Rho 0.23, p = 0.03), IMV days (Rho 0.37,
p = 0.001) and procalcitonin (Rho 0.33, p = 0.007). Interestingly, we observed a negative
correlation between sPD-L2 and age (Rho —0.28, p = 0.01), IVM days (Rho —0.43, p = 0.0002),
platelets (Rho —0.25, p = 0.05) and troponin (Rho —0.26, p = 0.03), and a positive correlation
with PaO, /FiO, (Rho 0.22, p = 0.05) (Figure 5). When we evaluated the correlations for the
clinical data of interest, we detected a negative correlation between age and PaO, /FiO,
and IMV days and PaO,/FiO,, and a positive correlation between age and IMV days and
IMV days and procalcitonin.

‘ sPD-L1 (pg/mL)

. sPD-L2 (pg/mL)
. sTIM-3 (pg/mL)
. MMP-7 (ng/mL)
‘ sGAL-9 (pg/mL)
i . Age (years)
‘ Pa02/FiO:z (%)
‘ IMV (days)

sPD-L1 (pg/mL)
sPD-L2 (pg/mL)
sTIM-3 (pg/mL)
MMP-7 (ng/mL)
SGAL-9 (pg/mL) C}
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PaO2/FiO:z (%)

Platelets (10*3/mm°)

=

£

S S
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Figure 5. Correlogram for the association of the biomarkers with the clinical data. Blue dots represent
a positive correlation, and red dots represent a negative correlation. The size and darkness of the dot
are proportional to the value of the correlation coefficient. * p < 0.05. PaO, /FiO,, arterial pressure of
oxygen/inspired fraction of oxygen.

In general, these data suggest that sTIM-3 is associated with multiple disease severity
variables, while sPD-L2 demonstrated the opposite behaviour.

When we correlated the clinical parameters with the biomarkers for the IMV group,
we found positive correlations for the following associations: sTIM-3 with age (Rho 0.37,
p = 0.0008), troponin (Rho 0.39, p = 0.007), procalcitonin (Rho 0.25, p = 0.04) and D-Dimer
(Rho 0.26, p = 0.02); sMMP-7 with age (Rho 0.23, p = 0.0007) and procalcitonin (Rho 0.33,
p = 0.007); sPD-L2 with PaO, /FiO, (Rho 0.33, p = 0.05). There was a negative correlation
for the following associations: sTIM-3 with PaO, /FiO, (Rho —0.23, p = 0.04); sPD-L2 with
age (Rho —0.28, p = 0.01), platelets (Rho —0.25, p = 0.05) and troponin (Rho —0.23, p = 0.03).
On the other hand, the only correlations that we found in the NIMV group were sMMP-7
with D-Dimer (Rho 0.51, p = 0.007) and sPD-L2 with leucocytes (Rho —0.54, p = 0.005).
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3.7. High Levels of sPD-L1 and sTIM-3 Decrease While sMMP-7 Remains Elevated after 8 Months
of Recovery in IMV-Treated COVID-19 Patients

Since our data indicated that the increased levels of sPD-L1, sTIM-3 and sMMP-7 might
be helpful as biomarkers for identifying IMV patients, we decided to examine whether
these levels were normalised over the long-term after the patients had been discharged.
Therefore, 12 IMV patients were followed up and this panel of molecules was evaluated
8 months post-COVID-19. All of these patients displayed a marked clinical, physiological,
and radiological improvement, but persistent lung lesions characterised by organising
pneumonia were detected with computed tomography. Notably, seven of these patients
had reticular opacities and parenchymal fibrotic bands suggestive of a fibrotic response.

The data revealed that the high level of sSPD-L1 had decreased around 60% 8 months
post-infection (from 191 4 109 to 80 & 24 pg/mL; p < 0.0001) (Figure 6a). Likewise, we
observed that the high level of sTIM-3 had decreased around 60% (from 4374 + 2360 to
1882 &+ 722 pg/mL; p < 0.01) (Figure 6b), and a similar profile was observed for the high
level of sGal-9 (from 7082 £ 3807 to 3200 £ 1583 pg/mL; p < 0.01) (Figure 6¢). In sharp
contrast, we found that the levels of sPD-L2 had increased by more than 300% (from
1021 £ 674 to 3369 + 2657 pg/mL, p < 0.01) (Figure 6d).
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Figure 6. sPD-L1 and sTIM-3 levels, but not sMMP-7, were decreased 8 months after COVID-19
diagnosis. sPD-L1 (a), sTIM-3(b), sGal-9 (c), sPD-L2 (d), and sMMP-7 (e) were evaluated in 12 COVID-
19 patients that required IMV during a follow-up 8 months after the diagnosis of COVID-19 infection
(post-COVID-19). Graphs show individual values at the time of diagnosis and 8 months post-COVID-
19. Statistical analysis was performed with the Mann-Whitney test. ** p < 0.01, **** p < 0.0001.
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Interestingly, serum levels of SMMP-7 were not modified at 8 months post-COVID-19
(7.3 & 4.8 and 8.1 & 4.3 ng/mL, respectively) (Figure 6e). This finding indicates that,
in addition to being a good candidate as a biomarker for disease severity (identifying
patients that will require IMV), sMMP-7 could be a marker for persistent lung lesions
post-COVID-19, since it was still elevated several months after hospital discharge.

4. Discussion

The SARS-CoV-2 infection causes severe disease and remains a world health concern.
The disease affects mainly the lungs and may progress to pneumonia and ARDS. Given
the profound severity of the symptoms and the development of respiratory failure, many
patients require an extended stay in an intensive care unit, and often need to be intubated.

Our results revealed that sPD-L1, sTIM-3 and sMMP-7 levels are significantly increased
in patients with severe COVID-19, and these markers could be helpful for distinguishing
patients that need IMV from those who do not. Although these markers cannot be con-
sidered the only parameters for this decision, they can be combined with a set of clinical,
hemodynamic and other data to help physicians decide when to intubate a patient.

PD-L1 and TIM-3 are involved in the regulation of the immune response. The PD-
L1/PD-1 axis induces peripheral immune tolerance, establishing a negative feedback loop
through T-effector cell exhaustion; this axis also favours the conversion of T-effector cells
into regulatory T cells [13,14]. An excess of PD-L1 has adverse effects on health; for
instance, the aberrant activation of the PD-1/PD-L1 pathway is a major cause of immune
paralysis in patients with sepsis and other severe inflammatory responses. In this regard,
reports have indicated that alleviating the inflammatory process is necessary for inducing
downregulation of PD-L1 [15,16].

The expression of sTIM-3, another immune regulator, has been reported modified
during COVID-19 [17]. The TIM3/Gal-9 axis mainly regulates the inflammatory process
mediated by interferon (IFN)y-producing CD4+ and CD8+ T cells [18]. In our study, the
level of sTIM-3 was associated with the severity of COVID-19. It was also negatively
correlated with PaO, /FiO, and positively correlated with D-Dimer, troponin and procalci-
tonin. Interestingly, procalcitonin has been associated with sepsis and thrombotic diseases,
suggesting that those COVID-19 patients that need IMV may have increased levels of
sTIM-3 and procalcitonin as a direct consequence of an uncontrolled inflammatory process,
which in turn, could be associated with the thrombotic alterations that are often observed in
these patients [19]. Similarly, sGAL-9 was positively correlated with sTIM-3 and sMMP-7,
confirming that it plays a vital role in regulating inflammation during viral infection [10].

sPD-L1 and sTIM-3 levels were increased in both IMV and NIMYV patients; however,
those requiring mechanical ventilation displayed markedly higher levels than NIMV pa-
tients. These data suggest that COVID-19 patients have dysregulated immune checkpoints
that contribute to an uncontrolled inflammatory process that is strongly associated with
disease severity and IMV. Moreover, it is well known that hyper-inflammation and im-
munoparalysis can exist concomitantly, as described for sepsis [20]. Thus, severe COVID-19
patients should have more than one altered mechanism to explain their hyper-inflammatory
state. Increased levels of checkpoint molecules may induce immunoparalysis in myeloid
and lymphoid cells, thereby removing a regulatory or compensatory mechanism for mod-
ulating inflammation. However, since the main aim of this study was to identify serum
biomarkers that can differentiate between IMV and NIMYV, we did not evaluate the func-
tions of myeloid and lymphoid cells that could be altered by the high levels of sPD-L1
and sTIM-3. Such functions include the ability of the cells to maintain active antiviral
mechanisms, phagocytosis, deliver Th2 cytokines, and their proliferative capacity, among
others. Thus, our findings indicate a need to develop studies for clarifying the co-existent
hyper-inflammation induced by excess sPD-L1 and sTIM-3, and if this depends upon
immunoparalysis, exhaustion, immunosenescence, or anergy.

Our data demonstrated that the best biomarker for predicting IMV in COVID-19
patients is SMMP-7. The level of sMMP-7 was higher only in those patients that required
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invasive mechanical ventilation, while the level between HD and NIMV patients was
similar, and thus, the severity of the disease is related to the level of sMMP-7. MMP-7 is a
multifunctional matrix metalloprotease associated with inflammatory lung injury during
ARDS. It is also overexpressed in the lung microenvironment and increased in the serum of
patients with several interstitial lung diseases that may evolve into fibrosis, particularly
idiopathic pulmonary fibrosis [21-23]. Interestingly, this enzyme remained elevated for
several months in IMV survivors, and was associated with some HRCT changes suggestive
of fibrosis, similar to a recent report for a cohort in which early fibrotic changes were
associated with higher levels of sMMP-7 [24].

Surprisingly, sPD-L2 appeared to provide a protective effect because it was nega-
tively correlated with days of invasive mechanical ventilation, platelets and troponin, and
positively correlated with PaO, /FiO,. Moreover, this biomarker had increased 3-fold in
patients that had recovered and were re-evaluated several months after hospital discharge.
When we analysed the ROC curve for sPD-L2, its behaviour was not similar to that of
the other biomarkers; rather, it was positive when we evaluated the NIMV group with an
AUC of 0.56 (data not shown). Unfortunately, while the PD-1/PD-L1 pathway has been
extensively studied, PD-L2 has received less attention. This is probably because PD-L1 is
produced by a variety of circulating immune cells, whereas PD-L2 expression is restricted
mainly to macrophages and dendritic cells, suggesting that PDL-2 studies should focus
mainly on affected tissues [25].

Gal-9 has been proposed as an immunomodulator for excessive immunological reac-
tions by expanding regulatory T cells [26]. In this study, the level of sGal-9 was increased
in COVID-19 patients compared to HD, but its performance in the ROC analysis was low.
Perhaps this biomarker is related to other processes that were not analysed in this study,
such as the development of the organised pneumonia pattern detected by high-resolution
computed tomography.

Finally, for those IMV patients that were followed up after 8 months, sGal-9, sTIM-3,
and sPD-L1 levels had decreased substantially, suggesting the recovery of the immune
response. Interestingly, whereas sPD-L1 and sTIM-1 levels had decreased after the patients
had recovered, the level of sMMP-7, a molecule that is a better biomarker, was still high
8 months post-COVID-19.

5. Conclusions

In conclusion, our findings suggest that sTIM-3 and sPD-L1 may operate in different
ways at the onset of COVID-19 to enhance a dysfunctional and exaggerated inflammatory
response, which may be helpful for distinguishing patients requiring IMV. However, only
sMMP-7 remained elevated, likely related to lung epithelium dysfunction, prompting new
questions regarding the role of SMMP-7 in the post-COVID-19 syndrome.

Author Contributions: Designed the study: L.C.-G., M.S,, L.B.-R.; data collection: KM.-E., H.A.-D.,
M.T.; methodology: L.C.-G., A.R; review of clinical studies and provide input on clinical implications:
KM.-E,, HA.-D,, LB.-R,; administered the follow-up and analysed the data: L.C.-G., KM.-E., HA.-D.,
R.F-V, G.P-R, LB.-R,; writing—original draft: L.C.-G.; writing—review & editing: M.S., . B.-R. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Secretaria de Educacion, Ciencia, Tecnologia e Innovacién de
la Ciudad de Mexico. Grant: SECITI/115/2017 and by CONACYT Grant# FOSISS 290645.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of the Instituto Nacional
de Enfermedades Respiratorias Ismael Cosio Villegas (Protocol numbers C41-20 and C42-20). All
individuals signed a consent letter to participate in this study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Biomolecules 2022, 12, 445 11 of 12

Data Availability Statement: All data relevant to the study are included in the article. The authors
confirm that the raw data to support the conclusions of this study are included in the manuscript. The
corresponding author will provide more information, upon rational request, to any qualified researcher.

Acknowledgments: We would like to thank Mario Preciado-Garcia for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Available online: https:/ /www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---29-june-2021
(accessed on 14 July 2021).

Chen, R.; Lan, Z; Ye, J.; Pang, L.; Liu, Y.; Wu, W,; Qin, X.; Guo, Y.; Zhang, P. Cytokine Storm: The Primary Determinant for the
Pathophysiological Evolution of COVID-19 Deterioration. Front. Immunol. 2021, 12, 589095. [CrossRef]

COVID-ICU Group on behalf of the REVA Network and the COVID-ICU Investigators. Clinical characteristics and day-90
outcomes of 4244 critically ill adults with COVID-19: A prospective cohort study. Intensive Care Med. 2021, 47, 60-73. [CrossRef]
Wang, M.; Fan, Y.; Chai, Y.; Cheng, W.; Wang, K.; Cao, J.; Hu, X. Association of clinical and immunological characteristics with
disease severity and outcomes in 211 patients with COVID-19 in Wuhan, China. Front. Cell. Infect. Microbiol. 2021, 11, 667487.
[CrossRef]

Song, ] W.; Zhang, C.; Fan, X.,; Meng, EP;; Xu, Z; Xia, P; Cao, WJ.; Yang, T.; Dai, X.P.; Wang, S.Y.; et al. Immunological and
inflammatory profiles in mild and severe cases of COVID-19. Nat. Commun. 2020, 11, 3410. [CrossRef]

Chen, J.; Vitetta, L. Increased PD-L1 expression may be associated with the cytokine storm and CD8+ T-Cell exhaustion in severe
COVID-19. J. Infect. Dis. 2021, 223, 1659-1660. [CrossRef]

Avendario-Ortiz, ].; Rubio-Garrido, M.; Lozano-Rodriguez, R.; Del Romero, J.; Rodriguez, C.; Moreno, S.; Aguirre, L.A.; Holguin,
A Lopez-Collazo, E. Soluble PD-L1: A potential immune marker for HIV-1 infection and virological failure. Medicine 2020, 99,
€20065. [CrossRef]

Ramon-Luing, L.A.; Ocafia-Guzman, R.; Téllez-Navarrete, N.A.; Preciado-Garcia, M.; Romero-Rodriguez, D.P.; Espinosa, E.;
Reyes-Teran, G.; Chavez-Galan, L. High levels of TNF-(E+ and TIM-3 as a biomarker of Inmune Reconstitution Inflammatory
Syndrome in people with HIV infection. Life 2021, 11, 527. [CrossRef]

Sabbatino, F.; Conti, V.; Franci, G.; Sellitto, C.; Manzo, V.; Pagliano, P; De Bellis, E.; Masullo, A.; Salzano, FA.; Caputo, A.; et al.
PD-L1 dysregulation in COVID-19 patients. Front. Immunol. 2021, 12, 695242. [CrossRef]

Letizia, A.; Eller, M.A.; Polyak, C.; Eller, L.A.; Creegan, M.; Dawson, P,; Bryant, C.D.K.; Crowell, T.A.; Lombardi, K.; Rono, E.; et al.
Biomarkers of inflammation correlate with clinical scoring indices in Human Immunodeficiency Virus-Infected Kenyans. J. Infect.
Dis. 2019, 219, 284-294. [CrossRef]

Chun, H.J.; Coutavas, E.; Pine, A.B.; Lee, A.L; Yu, V.L.; Shallow, M.K.; Giovacchini, C.X.; Mathews, A.M.; Stephenson, B.; Que,
L.G; et al. Immuno-fibrotic drivers of impaired lung function in post-acute sequelae of SARS-CoV-2 Immuno-fibrotic drivers of
impaired lung function in post-acute sequelae of SARS-CoV-2. JCI Insight 2021, 6, €148476. [CrossRef]

Machahua, C.; Buendia-Roldan, I.; Ocafia-Guzman, R.; Molina-Molina, M.; Pardo, A.; Chavez-Galan, L.; Selman, M. CD4+T cells
in ageing-associated interstitial lung abnormalities show evidence of pro-inflammatory phenotypic and functional profile. Thorax
2021, 76, 152-160. [CrossRef]

Pauken, K.E.; Torchia, J.A.; Chaudhri, A.; Sharpe, A.H.; Freeman, G.J. Emerging concepts in PD-1 checkpoint biology. Semin.
Immunol. 2021, 52, 101480. [CrossRef]

Francisco, L.M.; Salinas, V.H.; Brown, K.E.; Vanguri, VK.; Freeman, G.J.; Kuchroo, VK.; Sharpe, A.H. PD-L1 regulates the
development, maintenance, and function of induced regulatory T cells. J. Exp. Med. 2009, 206, 3015-3029. [CrossRef]

Zhao, S.; Gao, ].; Li, J.; Wang, S.; Yuan, C.; Liu, Q. PD-L1 Regulates inflammation in LPS-Induced lung epithelial cells and vascular
endothelial cells by interacting with the HIF-1alpha signaling pathway. Inflammation 2021. [CrossRef]

Saha, A.; O'Connor, R.S.; Thangavelu, G.; Lovitch, S.B.; Dandamudi, D.B.; Wilson, C.B.; Vincent, B.G.; Tkachev, V.; Pawlicki, ].M.;
Furlan, S.N.; et al. Programmed death ligand-1 expression on donor T cells drives graft-versus-host disease lethality. J. Clin.
Investig. 2016, 126, 2642-2660. [CrossRef]

Martin-Quirés, A.; Maroun-Eid, C.; Avendafio-Ortiz, ].; Lozano-Rodriguez, R.; Valentin Quiroga, J.; Terrén, V.; Montalban-
Hernandez, K.; Garcia-Garrido, M.A.; Mufioz Del Val, E.; Del Balzo-Castillo, A.; et al. Potential Role of the Galectin-9/TIM-3 Axis
in the Disparate Progression of SARS-CoV-2 in a Married Couple: A Case Report. Biomed. Hub 2021, 6, 48-58. [CrossRef]

Tang, R.; Rangachari, M.; Kuchroo, VK. Tim-3: A co-receptor with diverse roles in T cell exhaustion and tolerance. Semin.
Immunol. 2019, 42, 101302. [CrossRef]

Planquette, B.; Le Berre, A.; Khider, L.; Yannoutsos, A.; Gendron, N.; de Torcy, M.; Mohamedi, N.; Jouveshomme, S.; Smadja,
D.M.; Lazareth, I.; et al. Prevalence and characteristics of pulmonary embolism in 1042 COVID-19 patients with respiratory
symptoms: A nested case-control study. Thromb. Res. 2021, 197, 94-99. [CrossRef]

Xiao, W.; Mindrinos, M.N.; Seok, J.; Cuschieri, J.; Cuenca, A.G.; Gao, H.; Hayden, D.L.; Hennessy, L.; Moore, E.E.; Minei, ].P; et al.
Inflammation and Host Response to Injury Large-Scale Collaborative Research Program. A genomic storm in critically injured
humans. J. Exp. Med. 2011, 208, 2581-2590. [CrossRef]


https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---29-june-2021
http://doi.org/10.3389/fimmu.2021.589095
http://doi.org/10.1007/s00134-020-06294-x
http://doi.org/10.3389/fcimb.2021.667487
http://doi.org/10.1038/s41467-020-17240-2
http://doi.org/10.1093/infdis/jiab061
http://doi.org/10.1097/MD.0000000000020065
http://doi.org/10.3390/life11060527
http://doi.org/10.3389/fimmu.2021.695242
http://doi.org/10.1093/infdis/jiy509
http://doi.org/10.1172/jci.insight.148476
http://doi.org/10.1136/thoraxjnl-2020-215520
http://doi.org/10.1016/j.smim.2021.101480
http://doi.org/10.1084/jem.20090847
http://doi.org/10.1007/s10753-021-01474-3
http://doi.org/10.1172/JCI85796
http://doi.org/10.1159/000514727
http://doi.org/10.1016/j.smim.2019.101302
http://doi.org/10.1016/j.thromres.2020.11.001
http://doi.org/10.1084/jem.20111354

Biomolecules 2022, 12, 445 12 of 12

21.

22.

23.

24.

25.

26.

Davey, A.; McAuley, D.F.,; O’Kane, C.M. Matrix metalloproteinases in acute lung injury: Mediators of injury and drivers of repair.
Eur. Respir. ]. 2011, 38, 959-970. [CrossRef]

Pardo, A.; Cabrera, S.; Maldonado, M.; Selman, M. Role of matrix metalloproteinases in the pathogenesis of idiopathic pulmonary
fibrosis. Respir. Res. 2016, 17, 23. [CrossRef]

Buendia-Roldén, I.; Fernandez, R.; Mejia, M.; Juarez, F.; Ramirez-Martinez, G.; Montes, E.; Pruneda, A K.S.; Martinez-Espinosa,
K.; Alarcon-Dionet, A.; Herrera, I; et al. Risk factors associated with the development of interstitial lung abnormalities. Eur.
Respir. ]. 2021, 14, 2003005. [CrossRef]

Safont, B.; Tarraso, J.; Rodriguez-Borja, E.; Fernandez-Fabrellas, E.; Sancho-Chust, J.; Molina, V. Lung function, radiological
findings and biomarkers of fibrogenesis in a Cohort of COVID-19 patients six months after hospital discharge. Arch. Bronchoneumol.
2022, 58, 142-149. [CrossRef]

Tsirigotis, P.; Savani, B.N.; Nagler, A. Programmed death-1 immune checkpoint blockade in the treatment of hematological
malignancies. Ann. Med. 2016, 48, 428-439. [CrossRef]

Katoh, S.; Ikeda, M.; Shimizu, H.; Abe, M.; Ohue, Y.; Mouri, K.; Kobashi, Y.; Oka, M. Increased Galectin-9 concentration and
number of CD4+Foxp3high+cells in bronchoalveolar lavage fluid of patients with cryptogenic organising pneumonia. Lung 2015,
193, 683-689. [CrossRef]


http://doi.org/10.1183/09031936.00032111
http://doi.org/10.1186/s12931-016-0343-6
http://doi.org/10.1183/13993003.03005-2020
http://doi.org/10.1016/j.arbres.2021.08.014
http://doi.org/10.1080/07853890.2016.1186827
http://doi.org/10.1007/s00408-015-9775-x

	Introduction 
	Materials and Methods 
	Study Population 
	Ethical Approval 
	Clinical Data and Blood Sampling 
	ELISA Sandwich Assay 
	Statistical Analysis 

	Results 
	Patient Demographics and Clinical Features 
	sPD-L1 Is Increased in COVID-19 Patients, Mainly in Those That Required IMV 
	sTIM-3 Is Increased in COVID-19 Patients, Mainly in Those That Required IMV 
	The sMMP-7 Level Is Increased Only in COVID-19 Patients That Required IMV 
	sMMP-7, sTIM-3 and sPD-L1 Levels Can Be Potential Biomarkers to Identify IMV Patients 
	Correlations for Biomarkers, Serum Levels, and Clinical Characteristics 
	High Levels of sPD-L1 and sTIM-3 Decrease While sMMP-7 Remains Elevated after 8 Months of Recovery in IMV-Treated COVID-19 Patients 

	Discussion 
	Conclusions 
	References

