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Abstract

The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has been one of the
most catastrophic diseases observed in recent years. It has reported nearly 550 million cases worldwide, with more than 6.35
million deaths. In Mexico, an increased incidence and mortality of this disease were observed, where the immune response
has been involved in the magnitude and severity. A critical version of the disease is accompanied by hyperinflammatory
responses, with cytokine and defective cellular responses. A detailed understanding of the role of molecules and cells in
the immune response during COVID-19 disease may help to generate effective protection mechanisms, improving those
we already have. Here we analyzed blood samples obtained from patients at the Hospital Regional de Alta Especialidad de
Ixtapaluca (HRAEI), Mexico, which were classified according to living guidance for clinical management of COVID-19 by
the World Health Organization: asymptomatic, mild, severe, and critical disease. We observed increased interleukin (IL)-6
levels and a T-CD8" and T-CD4™ cell reduction correlated with the critical disease version. Importantly, here, we described
a significant reduction of CD11b"CD45"#"CD14'°" monocytes during severe disease, which displayed a non-classical pro-
file, expressing IL-10, transforming growth factor (TGF)-f, and indoleamine 2,3-dioxygenase (IDO)1 molecule. Moreover,
CD11bTCD45MehCD 140 monocytes obtained from infected one-dose vaccinated patients (Pfizer® vaccine) who suffered
minimal symptoms showed simultaneously a dual classical and no-classical profile expressing pro- and anti-inflammatory
cytokines. These results suggest that blood monocytes expressing a dual pro- and anti-inflammatory profile might be a pre-
dictive marker for protection in the Mexican population during COVID-19 disease.

Key points

e Exacerbated immune response is associated with COVID-19 severe disease.

o Dual monocyte activation profile is crucial for predicting protection during COVID-19.
e Vaccination is crucial to induce the dual activation profile in monocytes.
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In addition to the leading role of the immune response,
one of the main characteristics observed during COVID-19
infection is the severity of the disease, which has a wide
range. It was described that 80% of patients testing posi-
tive for COVID-19 develop a mild illness characterized by
general and unspecific symptoms and 14% developed the
severe disease, while 5% had the critical disease version,
characterized by potential complications like a respira-
tory and multi-organ failure (Merad et al. 2022; Merad and
Martin 2020). Some comorbidities associated with human
development have been associated with the critical version
of the disease, like diabetes, obesity, chronic obstructive pul-
monary disease (COPD), digestive system disorders, and
cancers (Seyed Hosseini et al. 2020). Also, patients with
the critical COVID-19 disease showed a dysregulation in
some characteristics associated with the immune response,
such as reduction of peripheral T cells and increased lev-
els of inflammatory cytokines, like IL-6, tumor necrosis
factor (TNF)-a, IL-1p (Ragab et al. 2020), and C-reactive
protein (C-PR) (Xie et al. 2020), and also increased levels
in both C3a and C5a anaphylatoxins associated with com-
plement (Kurtovic and Beeson 2021). Such deregulation of
the inflammatory profile is associated with both severe lung
damage and low oxygen saturation (Huang et al. 2020).

The role of lymphoid cells as well as myeloid cells during
the COVID-19 disease has been emphasized; their polariza-
tion profile between pro- or anti-inflammatory could pre-
dict the disease version in either asymptomatic or critical
patients. It has been reported that patients with COVID-19
acute respiratory distress syndrome (ARDS) have a defective
antigen presentation in monocytes caused by interferon dys-
regulation. Also, the cytotoxic activity in both natural killer
(NK) and T-CD8" cells is deficient (Yao et al. 2021). During
COVID-19, critical disease was described as an expansion
of non-classical monocytes with increased platelet activa-
tion in the blood (Stephenson et al. 2021). On the other
hand, in bronchoalveolar lavage fluid from patients with
the critical disease, increased proinflammatory monocyte-
derived macrophages were shown (Liao et al. 2020; Melms
et al. 2021). However, in either asymptomatic or moderate
cases, the presence of highly expanded CD8™ T cells was
described (Liao et al. 2020). All this evidence suggests that
exacerbated inflammatory immune response is associated
with severe symptoms and mortality in COVID-19 positive
patients, where monocytes and T-CD8™ cells have a signifi-
cant role.

Based on the relevance of immune regulation in this dis-
ease, this study aimed to define whether the severity of the
disease displayed during COVID-19 disease is associated
with either increased or reduced lymphoid and myeloid
immune cells in peripheral blood samples from Mexican
patients positive for SARS-CoV-2 infection. According
to living guidance for clinical management of COVID-19
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from the World Health Organization published in Novem-
ber 2021, we had a categorical and ordinal classification
of patients according to severity disease index in asympto-
matic, mild disease, severe disease, and critical disease, to
analyze cytokines, lymphoid, and myeloid immune response
cells from the blood. We mainly observed that non-clas-
sical monocytes CD11bTCD45M"CD14"°% were signifi-
cantly reduced in patients with critical illness. In contrast,
in patients who had access to a dose of the Pfizer® vac-
cine, these monocytes presented a dual profile, expressing
simultaneously inflammatory cytokines such as IL-1f, IL-6,
and TNF-a, as well as anti-inflammatory cytokines such as
TGF-p, IL-10, and the IDO1 molecule. Therefore, our data
strongly suggest that CD11b*CD45"€"CD14!°% non-classi-
cal monocytes are possibly involved in protection during
SARS-CoV-2 virus infection, and maybe they will be helpful
for the diagnosis and prediction for the severity and outcome
of COVID-19 infection.

Materials and methods
Sample and experimental group classification

All procedures were approved in accordance with the ethi-
cal standards of the Committee of Research, Ethics and
Biosafety of Hospital Regional de Alta Especialidad de
Ixtapaluca (NR-22-2020) and with the 1964 Helsinki dec-
laration. Our studied groups were male and female adults,
including both medical staff and people requiring medical
attention. Excepting the control group, all studied groups
were positive (at some point) for COVID-19 by COVID-
sure Multiplex Real-Time PCR Kit (Labsystems). Groups
were classified according to Table 1. Sample collection was
obtained from two different times. First, from April to May
2020, samples were obtained for CBA cytokine detection.
Second, from December 2020 to April 2021, samples were
obtained for ELISA cytokine detection, T cell, and monocyte
analysis by flow cytometry. Also, monocytes were sorted
and processed for RT-PCR analysis.

Blood samples for cytokine detection

Blood samples were obtained in EDTA tubes (Vacutainer
BD®). For plasma obtention, samples were centrifugated
at 3000 rpm for 10 min; after that, the supernatant was col-
lected in Eppendorf tubes. Samples were stored at —80 °C
until used.

ELISA assays

We detected the macrophage inhibitor factor (MIF)
from plasma samples using MIF Human ELISA Kit
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Table 1 Classification and characteristics of studied groups

Group Group features

COVID-19 PCR test Arbitrary value Oxygen

Supplemental Additional information

saturation oxygen
(Sp0O,)

N Negative controls Negative 1 >90% No -

A+ Asymptomatic Positive >90% No -

MD  Mild disease Positive 3 >90% No Headache, myalgia, arthralgia,
fever, cough, and diarrhea
were described as symptoms.
Patients did not required
hospitalization

SD Severe disease Positive 4 <90% Yes Patients required hospitalization,

>80% but after medical attention they
survive

CD Critical disease Positive 5 <70% Respiratory  Patients were managed at

ventilator intensive care unit, and they
was needed  died*

V+ First vaccinated, subsequently Positive Wk >90% No Patients were vaccinated with

infected one Pfizer® dose; a few weeks
later, they were positive for
COVID-19 PCR test having
low symptoms

+V First infected, subsequently Negative W >90% No Patients had positive COVID-19

vaccinated

diagnosis from several months.
At the time of both vaccination
and blood sample collection,
they were negative to COVID-
19 PCR test

*Particularly in this group, some patients had comorbidities like type 2 diabetes mellitus, hypertension, obesity, hyperglycemia, hypothyroidism,

and kidney injury. **Without classification

(ThermoFisher™). We also analyzed tumor necrosis fac-
tor alpha (TNF-o) by Human TNF-a Standard ABTS Elisa
Development Kit (Peprotech). Both kits were used according
to the manufacturer instructions.

Flow cytometry
Cytometric bead array (CBA)

The human Th1/Th2/Th17 CBA kit (BD®) was used accord-
ing to manufacturer instructions with 50 ul of either plasma
or serum to analyze cytokines.

Blood peripheral leucocyte immunofluorescence

A stain for both lymphocytes and myeloid cells was per-
formed from peripheral blood. For each staining, 50 uL
of blood was obtained, and the respective antibodies were
added according to the concentrations recommended by the
manufacturer, incubating for 15 min at room temperature.
Subsequently, 150 pL. of BD FACS™ Lysing 1X solution
was added to the samples and incubated for 15 min at room
temperature. Finally, the samples were washed, resuspended
in FACS sheath buffer, and acquired in the Sony SH800S

Cell Sorter cytometer. We obtained 20,000 representative
events for either lymphocytes or myeloid cells. The used
antibodies were anti-CD4-FITC, anti-CD8-PE, and anti-
CD45 PerCP all from BD Biosciences®, and anti-CD33-
FITC, anti-CD45-PE, anti-CD11b-APC, and anti-CD14-
APC/Cy7 all from Biolegend®.

Myeloid cell sorting

Total blood leucocytes were obtained from Ficoll gradi-
ent. Four milliliters from Ficoll-Paque Premium density
gradient media (Cytiva Life Sciences™) was added in 1:1
dilution with FACS sheath fluid (BD®), and samples were
centrifugated for 4000 rpm for 40 min. The middle phase
with mononuclear cells was obtained, 2 ml of FACS sheath
fluid (BD®) was added, and samples were centrifugated at
3000 rpm for 40 min. The supernatant was decanted, and
samples were resuspended for immunofluorescence stain-
ing with anti-CD33-FITC, anti-CD45-PE, anti-CD11b-APC,
and anti-CD14-APC/Cy7 antibodies. Cells were sorted using
the Sony SH800S Cell Sorter cytometer with 90% purity,
according to the analysis strategy described in Fig. 4A. All
flow cytometry samples were analyzed with the FlowJo
VX.6 (BD®) software.
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RNA extraction

The sorted monocytes were processed by TRIzol (Invitro-
gen™) and chloroform (Sigma-Aldrich™) RNA obtention.
Samples were stored at —20 °C until used. Aurum™ total
RNA mini Kit (Bio-Rad®) was used for high-quality DNA-
free total RNA according to manufacturer instructions. Sam-
ples were stored at —80 °C until used.

Real-time PCR

Total RNA samples were used for cDNA synthesis with
iScript reverse transcription supermix cDNA Synthesis
Kit (Bio-RAD®) according to manufacturer instructions.
Once cDNA was obtained, real-time PCR was developed
for IL1B, IL-6, IL10, TGFp, TNFa, and GAPDH genes. The
primer used for /LI was F: 5'-AAGCTGATGGCCCTA
AACAG-3', R: 5'-AGGTGCATCGTGCACATAAG-3'; IL6
was F: 5'-CCAGCTATGAACTCCTTCTC-3', R: 5'-GCT
TGTTCCTCACATCTCTC-3'; IL10 was F: 5'-TCTCCG
AGATGCCTTCAGCAGA-3', R: 5'"TCAGACAAGGCT
TGGCAACCCA-3'; TGFp was F: 5'"-TACCTGAACCCG
TGTTGCTCTC-3', R: 5'-GTTGCTGAGGTATCGCCA
GGAA-3'; TNFa was F: 5'-CTCTTCTGCCTGCTGCAC
TTTG-3', R: 5'-ATGGGCTACAGGCTTGTCACTC-3"; and
GAPDH was F: 5'-ACCCACTCCTCCACCTTTGA-3', R:
5'-CTGTTGCTGTAGCCAAATTCGT-3".

Statistical analysis

Statistical differences were performed by one-way ANOVA
with Tukey’s multiple comparison post-test, consider-
ing significant *p <0.05, **p <0.01, ***p <0.001, and
*#*%%p <0.0001 differences. We performed Spearman’s
correlation coefficient expressed as an r value for associa-
tion between numerical and categorical variables. Data and
graphics were analyzed and developed in GraphPad Prism
V.7 software.

Results

It has been described that SARS-CoV-2 viral infection
triggers a systemic inflammatory response. Therefore, we
decided to quantify serum cytokines in patients classified
as in Table 1 from blood samples obtained at the Hospi-
tal Regional de Alta Especialidad de Ixtapaluca (HRAEI),
Mexico. Our first option was to evaluate cytokine levels
using the CBA technique, since this methodology allows
to analyze several cytokines simultaneously with a small
amount of either serum or plasma sample (50 pl). From a
panel of seven cytokines, we only detected IL-17 and IL-6
by this technique. No significant differences in IL-17 levels
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were observed among the infected groups (Fig. 1A). On the
other hand, IL-6 was not detected in the negative (V) neither
the asymptomatic (A+) patient groups. Still, interestingly,
in the symptomatic patient’s mild disease (MD), severe dis-
ease (SD), and critical disease (CD, Table 1), we observed
a higher IL-6 concentration as the severity of the disease
increased; the experimental group of MD patients had a
minimum concentration of IL-6, while the hospitalized MD
and SD groups showed an increased amount (Fig. 1A). As a
higher concentration of IL-6 was observed when the severity
of the disease increased, we decided to assign a categori-
cal and ordinal value to the experimental groups depend-
ing on the severity of the disease index, where 1-value is
a healthy patient (N), and 5-value is a patient with critical
disease (CD, Table 1); therefore, the greater the categorical
and ordinal value, the higher the quantitative value. Once
we assigned this value, we performed a linear regression
and a Spearman correlation test, yielding an r value of 0.29
(Fig. 1B). These data suggest that the increased IL-6 levels
in blood correlates slightly with the increased severity of
symptoms.

Although inflammatory cytokines such as TNF-a are
included in our CBA kit, we could not detect this cytokine
by this technique. Therefore, we evaluated TNF-a and
monocyte-macrophage migration inhibitory factor (MIF)
by ELISA. While we were conducting these experiments,
the national vaccination plan in Mexico already had signifi-
cant progress, which allowed us to have access to samples
from patients who were vaccinated with the first dose of the
Pfizer® vaccine, and, subsequently, it became infected with
the SARS-CoV-2 virus (V+, Table 1). We observed that the
TNF-a concentration is similar in all groups, consistently
below 100 pg/ml (Fig. 1C). When we analyzed the MIF con-
centration, we observed a slight increase in the HG group;
however, there were heterogenous concentrations ranging
from 0 pg/ml to over 10,000 pg/ml in most groups, includ-
ing healthy donors (Fig. 1C). Therefore, we did not find a
correlation between either TNF-a or MIF with the severity
of the disease.

Subsequently, we decided to analyze some immune
response cell populations that have a role in the resolu-
tion of viral infections. We first analyzed CD4" and CD8"
lymphocytes in peripheral blood by flow cytometry. Based
on the analysis strategy described in Fig. 2A, we exclude
doublets; then, we select the region of small and slightly
granular cells that are lymphocytes. Finally, we select the
positive cells for CD4 and CD8 molecules. We first evalu-
ated the percentage of CD41 and CDS8" cells for each experi-
mental group, observing that CD4* lymphocytes decreased
mainly in hospitalized SD and CD groups, which are groups
with stronger symptoms (Fig. 2B and C). Also, we observed
that CD8" lymphocytes decreased in the SD and CD groups
(Fig. 2B and C). Interestingly, we observed that the V*
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Fig. 1 Quantification of systemic cytokines during COVID-19 dis-
ease, in patients classified according to living guidance for clinical
management of COVID-19, from the World Health Organization.
A By CBA (BD®), cytokines IL-17 and IL-6 were analyzed in serum
or plasma. Representative data of 3 independent experiments, with
at least 3 samples per group. B Spearman’s correlation test between

group had similar percentages of CD4 and CD8 lympho-
cytes as the healthy control group (Fig. 2B and C). This
finding suggests that vaccination confers a protective effect
against infection since the reduction of CD4" T lymphocytes
caused by the infection is avoided, in addition to the fact
that none of these patients had severe symptoms caused by
infection. In addition to evaluating the percentage, we also
evaluated the median fluorescence intensity (MedFI) of CD4
and CDS cell populations, MedFI is the median statistics
value of the cell population expressing either CD4 or CDS8
molecules. Similar to the observed in the percentage, the
MedFI of CD4 and CDS cells decreased as the severity of
the disease increased. In contrast, the MedFlI in the healthy
and the V4 group remained unchanged (Fig. 2D), suggest-
ing a protective effect of vaccination over the reduction in
CD4 and CD8 MedFI molecules. We again performed a
linear regression and a Spearman correlation test to con-
firm whether the decreased percentage of CD4" and CD8*
lymphocytes and the decrease in MedFlI for each popula-
tion of analyzed T lymphocytes correlate with the increased
severity of the disease observed in patients positive for the

the concentration of IL-6 and the severity COVID-19 disease index.
C Analysis of proinflammatory cytokines TNF-o and MIF by
ELISA; total data with at least 9 samples per group. Statistical dif-
ferences were performed by one-way ANOVA with Tukey’s multiple
comparison post-test, considering significant *p<0.05, **p<0.01,
**%p <0.001, and ****p <0.0001

COVID-19 disease. Again, a categorical and ordinal value
was assigned to each experimental group, where the 1-value
is a healthy patient (N), and the 5-value is a CD patient
(Table 1). Therefore, the greater the categorical and ordi-
nal value, the higher the quantitative value. We observed
that if the severity of the disease increases, then a reduc-
tion in both percentage and MedFI of CD4" and CD8™ cells
exists. Therefore, we observed an inverse correlation, which
is highlighted in T-CD8+-cell percentage (r=—0.38), the
T-CD47 cells MedFI (r=—0.41), and T-CD8+ cells MedFI
(r=-0.36). Thus, these data suggest as the severity of the
disease index increases in Mexican patients positive for the
SARS-CoV-2 virus, there is a reduction in T-CD8™ cell per-
centage, as well as a reduction in the expression of both CD4
and CD8 molecules, which is prevented with a dose of the
Pfizer® vaccine.

On the other hand, we analyzed cells of myeloid lin-
eage from the same peripheral blood samples by flow
cytometry. We first excluded doublets based on the
analysis strategy described in Fig. 3A. We selected
myeloid cells expressing CD11b and CD45 molecules

@ Springer
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Fig.2 CD4" and CD8" lymphocytes decrease as the severity of the
COVID-19 disease increases. A Flow cytometry analysis strategy to
obtain the percentage and MedFI of CD4" and CD8* lymphocytes in
peripheral blood samples. B Representative dot plots of the T-CD4*
and T-CD8" lymphocyte populations by group, which were classified
according to living guidance for clinical management of COVID-19,
from the World Health Organization. C Graphs showing the per-
centage and D MedFI of CD4" and CD8* lymphocytes by group.

and finally classified monocytes into three populations
based on the CD14 and CD45 expression levels, obtain-
ing CD11b*CD45"°%CD14™¢, CD11b*CD45™4CD14hieh,
and CD11b*CD45"¢"CD14'°% populations (Fig. 3A). When
we analyzed the percentage of each population (Fig. 3B
and C), we observed that CD11b*CD45°*CD14™4 mye-
loid cells have very similar percentages in all groups,
with no significant differences (Fig. 3C, left). In the
CD11b*CD45™¢CD14"e" population, we observed a ten-
dency for a decreased percentage, mainly in the groups with
severe disease SD and CD, but we did not observe signifi-
cant differences (Fig. 3C, center). In contrast, we observed
a decreased percentage in CD11bTCD45MehCD 1410V
monocytes, mainly in groups with severe disease SD
and CD. Interestingly, the percentage in the V4 group
is similar to the N group (Fig. 3C, right). Therefore, our
data suggest that as the severity of the disease increases
during infection with the SARS-CoV-2 virus, there
is a decrease in CD11bTCD45"#"CD14'°% monocytes
in the peripheral blood of Mexican patients. As these
CD11b*CD45"€"CD14"°Y monocytes have the most signifi-
cant differences between the groups, we decided to evaluate
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E Spearman’s correlation between the percentage and the MedFI
of T-CD4* and T-CD8* lymphocytes with the severity of the dis-
ease, where arbitrary values were given to the experimental groups;
1-value is for healthy control patients (V) and 5 is for critical dis-
ease patients (Table 1). Total data with at least 3 samples per group,
n=_87. *p<0.05, **p<0.01, ***p <0.001, ****p <0.0001; one-way
ANOVA and Tukey’s post-test. Spearman’s correlation degree and r
value are shown on each correlation plot

the MedFI of CD14 and CD45 (Fig. 3D). We observed
that the MedFI of CD14 did not change between groups
(Fig. 3D, left), while the MedFI of CD45 decreased in the
SD and CD groups (Fig. 3D, right). Again, we assessed
whether a correlation between the decrease in the percent-
age of CD11b*CD45Me"CD14!°Y cells or the CD45 MedFlI,
with the severity of the COVID-19 disease, exists, by a
Spearman correlation (Fig. 3E). Again, each experimen-
tal group was assigned a categorical and ordinal value,
where 1-value is a healthy patient (V) and 5-value is a
CD patient (Table 1); therefore, the greater the severity of
the value, the higher the quantitative value. We first per-
formed a linear regression obtaining a Spearman r value
of —0.55 for CD11b*CD45Me"CD14!°% cell percentage
(Fig. 3E, upper), while we obtained an r value of —0.31
for the CD45 MedFI. These data suggest that the decrease
in CD11b*CD45M2"CD14!°Y monocyte percentage is
involved with the greater severity of symptoms during
COVID-19 disease. We highlight that the r value for the
CD11b*CD45"€"CD14'°" monocyte population is greater
than the r value of any previously analyzed variables in
CD4 and CD8 T lymphocytes (Fig. 2).
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Fig.3 Correlation between the decrease in CD11b*CD45"¢"CD 14"
monocytes with the increased severity of the COVID-19 disease.
A Analysis strategy for myeloid cells. B Dot plots of representative
data for the CD11b*CD45'°"CD14™¢, CD11b"CD45™CD14"e",
and CD11b*CD45"e"CD14"°Y populations by group, which were
classified according to living guidance for clinical management
of COVID-19, from the World Health Organization. C Total per-

The reduction in CD11b*CD45"€"CD14°" monocytes
yielded significant differences associated with the increased
susceptibility to infection observed in SD and CD patients,
leading us to analyze the cytokine profile produced exclu-
sively by this myeloid cell population, looking to confirm
their predisposed either inflammatory or anti-inflamma-
tory profile in the bloodstream. Therefore, we selected
CD11b"CD45"E"CD 14" cells sorting them according to
the analysis strategy described (Fig. 4A). We excluded the
doublets, selected the double-positive cells for CD11b and
CD45, and selected the CD11b*CD45M"CD14"°% myeloid
population, obtaining a purity close to 90% in all samples
(Fig. 4A). Subsequently, RNA extraction from these cells
was performed, followed by the complementary DNA
(cDNA) synthesis, to amplify pro-inflammatory and anti-
inflammatory cytokine genes by real-time PCR (Fig. 4B).
It is worth mentioning that, at this time, the Mexican gov-
ernment’s vaccination plan had greater coverage, allowing
us to dispose of a group of patients who were first infected
with SARS-CoV-2, having resolved the infection, and sub-
sequently vaccinated with one dose of the Pfizer® vaccine
(+V group, Table 1).

centage and D MedFI data of the different populations for myeloid
cells. E Linear regression and Spearman’s correlation between the
percentage and the MedFI of CD11b*CD45"e"CD14'% with the
severity of the disease. Total data with at least 3 samples per group,
n=287. *p<0.05, **¥p<0.01, ***p <0.001, ****p <0.0001; one-way
ANOVA and Tukey’s post-test. Correlation degree r* and r value of
Spearman’s are shown on each correlation plot

We observed that CD11b*CD45ME"CD14'°Y cells
from MD/SD patients showed low gene expression of
the pro-inflammatory cytokines IL-1p, IL-6, and TNF-
a, even below the control group N (Fig. 4B). Interest-
ingly, the group V+ also showed low gene expression
for these cytokines (Fig. 4B). In contrast, the +V group
had similar gene expression for IL-6 and TNF-a as the
N control group (Fig. 4B). Conversely, anti-inflammatory
gene expression for IL-10 and TGF-f cytokines had no
differences between groups. In the IDO1 gene expres-
sion, we observed increased values specifically in the +V
group, but we did not find significant differences due to
a single highly high data (96 relative value). All these
data strongly suggest that the CD11b*CD45MeCD14!%
monocytes that decrease in the peripheral blood of Mexi-
can patients positive for COVID-19 infection (no matter
which symptoms group belongs to) have an activation
profile towards the non-classical pathway because they
maintain the expression of IL-10, IDO1, and TGF-p. In
contrast, in patients who first resolved the natural infec-
tion and then were vaccinated (+V), these monocytes dis-
play a dual activation profile by expressing both classic
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Fig.4 Dual expression of pro-inflammatory and anti-inflammatory
cytokines in CD11b*CD45"#"CD14'°% myeloid cells in patients
infected and subsequently vaccinated with a dose of Pfizer. A Anal-
ysis strategy for sorting in non-classical monocytes, having a near
90% purity. B Non-classical monocytes were processed to mRNA

and non-classic profiles of cytokines. Since they express
IL-1p, IL-6, and TNF-a, as well as TGF-f, IL-10, and
IDO1, for this reason, we propose that the dual activation
profile in CD11bTCD45"€"CD141°Y monocytes is impor-
tant to induce protection in Mexican patients during infec-
tion with the SARS-CoV-2 virus and also this dual profile
could be useful for diagnosis and prediction for the sever-
ity of the disease during COVID-19 infection.

Discussion

Since SARS-CoV-2 infection was declared a pandemic,
efforts worldwide have been improved to understand both
the etiology and the natural process of disease develop-
ment, which was essential to understand the role of the
immune response in the outcome of this disease. All these
processes have been involved in developing strategies to
contain and control the disease, which stand out in a full
range of vaccines (Fiolet et al. 2022; Folegatti et al. 2020;
Sahin et al. 2020). It is necessary to continue understand-
ing how the immune response is involved during COVID-
19 disease, which will help us generate more effective pro-
tection mechanisms and improve those we already have.
According to living guidance for clinical management of
COVID-19, from the World Health Organization published
in November 2021, patients positive for COVID-19 infection
are classified as an asymptomatic disease (A+) having no
evidence of viral pneumonia or hypoxia; mild disease (MD)

@ Springer

and cDNA obtention, to later analyze the relative expression of
IL-1B, IL-6, TNF-a, IL-10, IDO1, and TGF-f genes, having a rela-
tionship with the endogenous GADPH gene. For these experiments,
groups MD and SD were pooled. Total n=28. *p <0.05, **p <0.01,
*#*%p <0.001; one-way ANOVA and Tukey’s post-test

where no severe pneumonia is observed but fever, cough,
dyspnea, and low oxygen saturation (SpO2) are observed;
severe disease (SD) where severe pneumonia and respira-
tory distress or SpO2 below to 90% is observed; and, finally,
critical disease (CD) where ARDS is observed. We used this
classification, also including negative patients (N), patients
with one Pfizer® vaccine dose subsequently infected (V+),
and, finally, patients infected and subsequently vaccinated
with one Pfizer® dose (+V) to describe whether the severity
of COVID-19 disease is associated with either increased or
reduced lymphoid and myeloid immune cells in peripheral
blood samples from Mexican patients positive for SARS-
CoV-2 infection. With all this classification, we observed
some parameters associated with the disease severity having
relevance as previously reported, like increased IL-6 lev-
els (Zhou et al. 2020) and the reduction in both T-CD4 and
T-CD8* cells (Mehta et al. 2020; Zhou et al. 2020). As previ-
ously mentioned, immunopathology and hyperinflammation
have been associated with severe COVID-19 cases. Increased
IL-6, C-reactive protein, IL-1f, monocyte chemotactic pro-
tein-1 (MCP1), IFN-y, and TNF-a cytokines have been
described in severe COVID-19 patients (Huang et al. 2020).
Postmortem analysis suggested the presence of activated
macrophages and lymphocytes in lung tissues (Gustine and
Jones 2021). However, the role of peripheral monocytes
during COVID-19 disease is controversial. First, cytokines
produced by mononuclear phagocytes could be induced
directly by damage-associated molecular patterns (DAMPs)
released by epithelial cells infected by SARS-CoV-2 or by
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pathogen-associated molecular patterns (PAMPs) recognized
by innate receptors like TLRs, RIGs, C-lectin receptors, and
MDA-5 receptors (Knoll et al. 2021). Second, it was described
a reduction of CD14* monocytes in peripheral blood of
severe disease in COVID-19 patients, with interferon-stim-
ulated gene signature, and without induction of inflamma-
tory cytokines genes like IL-1f, TNF-a, or IL-6 (Knoll et al.
2021; Wilk et al. 2020). Conversely, it was reported that B
cells, monocytes, and megakaryocytes in PBMC samples
were increased mainly in severe disease patients from China
(Ren et al. 2021). Also, CD147CD16* monocytes produc-
ing IL-6 and IL-10 were expanded in critical patients (Merad
and Martin 2020; Zhang et al. 2021). It was suggested that
these pro-inflammatory monocytes have a role in the lungs,
inducing the extrinsic coagulation pathway and favoring fibrin
deposition and blood clotting (Merad and Martin 2020). All
these different observations could be explained by the ethnic-
ity (nationality) of the patients in the study; the sample ori-
gin, and the methodology used for sample analysis. For exam-
ple, our monocyte classification as CD11b"CD45MehCD14'Y,
is a tool previously suggested in the literature to differentiate
the source of mononuclear renal phagocytes between tissue-
resident and monocyte-derived cell monocytes (Mikulin et al.
2021), to distinguish the recruitment and differentiation of
monocytes to M2 macrophages associated with bladder can-
cer (Kong et al. 2021), or also for monocyte recruitment in
the spleen (Cole et al. 2021).

Blood monocyte reduction could be explained because
these cells migrate to the lungs to perform their functions. It
was described that mononuclear cells, mainly lymphocytes,
were infiltrated in a patient who died from COVID-19 dis-
ease with severe symptoms (Xu et al. 2020); also, as previ-
ously mentioned, pro-inflammatory monocytes in the lungs
could be involved in the hyper-coagulation observed in criti-
cal COVID-19 disease. Our results showed a worse progno-
sis for COVID-19 disease when a reduction in T-CD4* and
T-CD8* lymphocytes and an increase in IL-6 levels were
observed. However, our main finding is the correlation
between the critical disease version and the reduction of
no-classical monocytes. Our data strongly suggest that the
best prognosis will occur when these no-classical mono-
cytes persist in the blood. An extra point possibly induced
by one Pfizer vaccine dose is that these no-classical mono-
cytes have a dual profile, simultaneously expressing pro- and
anti-inflammatory cytokines. A relevant finding was that a
single dose of the Pfizer vaccine is enough to induce a phe-
notyping change in this myeloid population. Therefore, we
propose that this switch can be used as a prognostic marker
of Pfizer vaccine efficacy. It would be interesting to dem-
onstrate in the future if other types of vaccines from either
different brands or nature, such as recombinant vector vac-
cines, and even full doses or combined doses of vaccines,
induce any modification in the myeloid cell populations or

even also in other immune cell populations. Interestingly, we
also observed that lymphoid T-CD4" and T-CD8™ cells are
not decreasing by one Pfizer vaccine dose, and we associ-
ated this response with protection because, at least during
our research development, these patients did not show either
adverse effects or symptomatology associated. Previously,
a positive effect with either Pfizer or Moderna vaccine over
patients with mild disease symptoms was observed with
a robust and long-live humoral antigen-specific response
(Turner et al. 2021). Also, it recently was shown that vac-
cination booster with Pfizer vaccine induces an increased T
cell immune response along with high antibody titters (Sei-
del et al. 2022).

According to Our World in Data, Oxford University, the
Mexican population fully vaccinated is 61% (https://ourwo
rldindata.org/covid-vaccinations?country=MEX).

In Mexico, the official data from the public health min-
istry suggested 5.3 million cases and 324 thousand deaths
by COVID-19 disease (covid19.who.int/table). Thus, an
increased incidence and mortality have been observed in
our country. This excessive mortality could be explained
by comorbidities associated with the Mexican population;
for example, the percentage of the population with obesity
exceeds 36% (Barquera and Rivera 2020), and 11.5 million
people were diagnosed with type 2 diabetes mellitus (Bello-
Chavolla et al. 2017). Some reports described comorbidities
involved with severe COVID-19 disease, including hyper-
tension, heart disease, and chronic obstructive pulmonary
disease. On the other hand, the Mexican population has a
general index for infectious diseases where helminths and
parasites persist as a health problem (Diaz et al. 2018). It
was described that some infectious diseases predispose the
immune system to failure favoring the host-parasite interac-
tion (Gazzinelli-Guimaraes and Nutman 2018; Oyesola et al.
2022). It was suggested that monocytes from the infected
COVID-19 patients have an attenuated response to Candida
albicans fungus (Moser et al. 2021). It would be interesting
to analyze whether frequent infectious diseases in the Mexi-
can population have an impact on susceptibility to COVID-
19 development.

Efforts are needed to increase the percentage of the fully
vaccinated population in Mexico and the world, and also, it
is necessary to understand how the immune response will
induce long-term protection. We are currently in a race
where new infectious diseases are emerging, where we must
be alert, generating mechanisms that stimulate and promote
the immune response, inducing protection for the world
population. However, it is necessary for world governments
to achieve balanced policies, where access to health for the
entire population exists, with investment in basic and clini-
cal research.

Finally, we and other authors strongly suggest that
myeloid immune cell profile in blood could be a marker
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associated with either susceptibility or protection dur-
ing SARS-CoV-2 infection (Ren et al. 2021; Stephenson
et al. 2021; Unterman et al. 2022; Wilk et al. 2021). Most
authors raise this conclusion using multiomics technique
(single cell sequencing), having a full range of genes and
cells to deduce the relevance of immune system. How-
ever, only a select number of laboratories worldwide have
access to this multiomics technique. The use of most com-
mon and cheaper immunologic and molecular techniques
could be a tool for a precise diagnosis and treatment in
patients positive to COVID-19. Through conventional
flow cytometry and quantitative PCR, we showed that
CD11b*CD45"ehCD14!°% no-classical monocytes are
involved in protection during SARS-CoV-2 virus infection.
This finding may be useful for predicting the severity and
outcome of COVID-19 infection.
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