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COVID-19 severity associates with pulmonary
redistribution of CD1c* DCs and inflammatory
transitional and nonclassical monocytes
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Introduction

The new SARS-CoV-2 virus causing coronavirus disease 2019
(COVID-19) has unleashed the current pandemic. Individuals
infected with this pathogen can either remain asymptomatic
or progress from mild to severe clinical conditions that include
acute respiratory distress syndrome (ARDS) and death. Analytical
parameters, such as high concentrations of IL-6 and acute-phase
reactants in plasma, correlate with the development of severe
symptoms in COVID-19 patients (1, 2), suggesting dysregulated
immune responses in these individuals. Indeed, a cytokine storm-
related syndrome has been proposed as a trigger of ARDS, (3, 4)
and in accordance, treatments to control inflammatory cytokine
signaling are being used to reduce mortality of COVID-19 patients
(5, 6). However, it is unknown whether specific subsets of innate
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SARS-CoV-2 is responsible for the development of coronavirus disease 2019 (COVID-19) in infected individuals, who can
either exhibit mild symptoms or progress toward a life-threatening acute respiratory distress syndrome (ARDS). Exacerbated
inflammation and dysregulated immune responses involving T and myeloid cells occur in COVID-19 patients with severe
clinical progression. However, the differential contribution of specific subsets of dendritic cells and monocytes to ARDS is still
poorly understood. In addition, the role of CD8* T cells present in the lung of COVID-19 patients and relevant for viral control
has not been characterized. Here, we have studied the frequencies and activation profiles of dendritic cells and monocytes
present in the blood and lung of COVID-19 patients with different clinical severity in comparison with healthy individuals.
Furthermore, these subpopulations and their association with antiviral effector CD8* T cell subsets were also characterized

in lung infiltrates from critical COVID-19 patients. Our results indicate that inflammatory transitional and nonclassical
monocytes and CD1c* conventional dendritic cells preferentially migrate from blood to lungs in patients with severe COVID-19.
Thus, this study increases the knowledge of specific myeloid subsets involved in the pathogenesis of COVID-19 disease and
could be useful for the design of therapeutic strategies for fighting SARS-CoV-2 infection.

and adaptive immune cells could be differentially contributing
to a dysregulated immune response underlying the development
of ARDS in COVID-19. The most recent studies indicate that
immune exhaustion of effector T lymphocytes and altered humor-
alresponses (7-9), combined with alterations in myeloid cells such
as monocytes (Mo) (10-12), might be related to increased inflam-
mation and contribute to disease progression in SARS-CoV-2-
infected patients. Dendritic cells (DCs) are a heterogeneous lin-
eage of antigen-presenting cells (APCs) that include different
subsets of CD123" plasmacytoid DCs (pDCs) and conventional
DCs (cDCs, CD1c* and CD141%). These innate cells are critical for
activation of adaptive CD4" and CD8* T cell responses and are
key players in the immune responses to viral and bacterial infec-
tions (13-17). A second important player in the immune response
against pathogens are Mo, which can be subdivided into immature
classical (CD14**CD167, C) and more differentiated inflammato-
ry transitional (CD14*CD16%, T) and nonclassical (CD14-CD16",
NC) subsets. Altered homeostasis of these specific populations has
been linked to chronic inflammation and autoimmunity (18-20).
Therefore, it is critical to assess in depth myeloid cell populations
in COVID-19 to generate new knowledge that may contribute to
the development of effective specific treatments. Additionally,
it is important to better understand adaptive antiviral responses
potentially present in COVID-19 patients and how they might
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be associated with altered myeloid cells. Recent studies suggest
that exhausted CD4* T cell responses might be dysregulated in
COVID-19 patients (21), but less is known about antiviral CD8* T
cells, which could be important for virus control. Assessment of
a small number of COVID-19 patients suggests that CD8" T cells
infiltrate lungs during the course of the disease, but little informa-
tion is available about which specific effector subsets are recruited
(9). Therefore, an integrative view of the myeloid and lymphoid
populations altered in peripheral blood and lung tissue of the
patients and their association with the severity of COVID-19 is
clearly needed. In the present study, we contribute to this aim by
analyzing the frequencies and activation profiles of different DC
and Mo subsets present in the blood of COVID-19 patients with
different levels of clinical severity and by identifying cell subsets
associated with protection or disease progression. Moreover, we
have characterized inflammatory Mo and DC subsets as well as
effector CD8* T lymphocytes that are specifically recruited to the
lung during progressive ARDS.

Results

Inflammatory patterns and severity define subgroups of COVID-19
patients. Our aim is to evaluate the impact of SARS-CoV-2 infec-
tion in circulating myeloid populations. To this end, we followed a
cross-sectional study strategy (see STROBE flow chart, Supplemen-
tal Figure 1A; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JCI140335DS1) and collected peripher-
al blood samples from a total of n = 64 individuals with COVID-19
(median age 61 years, minimum-maximum, 22-89 years; 57% male,
43% female; 95% receiving treatment) who were recruited after a
median of 3 days (range, 0-25 days) upon admission (Supplemental
Table 1). For comparison purposes, 22 non-COVID-19 donors were
included in the study (Supplemental Table 1). To correlate particular
profiles of frequencies and activation of peripheral blood inflamma-
tory cells and the severity of the disease, we stratified our cohort of
COVID-19 patients into 3 groups of those showing mild (G1), severe
(G2), and critical (G3) disease, following recently described criteria
(22). Their demographic and clinical characteristics are summa-
rized in Supplemental Table 1 and Supplemental Table 2. As shown
in Supplemental Figure 1B and in agreement with previous studies
(2), we observed a significant and progressive decrease of partial
pressure of oxygen (PaO2) to fraction of inspired oxygen (FiO2) ratio
(PaFiO2) (P=0.0008 for G1vs. G3) and an increase of plasma IL-6
(P =0.001 for G1 vs. G3) and other inflammatory parameters, such
as procalcitonin (PCT) (P = 0.005 G1 vs. G3) and C reactive protein
(CRP) (P =0.0022 G1 vs. G3), that was correlated with COVID-19
severity (Supplemental Figure 1B). In contrast, IFN-a was almost
undetectable in the plasma from most COVID-19 patients, with the
exception of a few individuals from the mild G1 group, suggesting
that type I IFNs are not associated with increased disease severity
(Supplemental Figure 1B). Finally, critical G3 patients were charac-
terized by a significantly longer hospitalization time than severe G2
(P = 0.0313) and mild G1 (P = 0.0005) individuals (Supplemental
Figure 1C and Supplemental Table 1). However, the total duration
of symptoms until sample collection was not significantly different
between critical G3 and severe G2 patients and only weakly sig-
nificantly increased when compared with mild G1 individuals (P =
0.0428) (Supplemental Figure 1C).
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Differential redistribution of myeloid cell subsets in the blood of
COVID-19 patients is associated with severity. To evaluate the impact
of SARS-CoV-2 infection in circulating myeloid populations, we
next examined whether specific myeloid subsets could be differ-
entially altered in the 3 groups of COVID-19 patients and associ-
ated with disease progression. Using a multicolor flow cytometry
panel, we determined the frequencies of the following circulating
myeloid cell subsets: C Mo, T Mo, NC Mo, granulocytes, CD1c*
and CD141cDCs, and CD123" pDCs (for gating strategy, see Sup-
plemental Figure 2A). Using a t-SNE tool, we were able to observe
differences in mononuclear myeloid cell distribution based on the
abundance of cell populations between COVID-19 and healthy
control individuals (Figure 1A). A more detailed analysis of t-SNE
subpopulations suggested that these changes were due to alter-
ations on specific myeloid subsets in COVID-19 individuals (Fig-
ure 1A). Indeed, the t-SNE populations that were more significantly
altered in COVID-19 patients were highly enriched in different Mo
subsets (Figure 1, A and B). An individual analysis of each myeloid
subset in blood showed a significant reduction of almost all circu-
lating myeloid cell subsets when considering all COVID-19 patients
(Figure 2). Interestingly, certain myeloid populations were more
significantly affected in the different patient subgroups. In particu-
lar, CD123" pDCs and CD141* cDCs were significantly diminished
in the 3 patient groups, suggesting a disease- rather than severi-
ty-related impact on these cells (Figure 2). On the other hand, the
decrease of CD1c* ¢cDCs and C and NC Mo was more pronounced
in severe G2 and critical G3 COVID-19 patients and therefore indi-
cating an association with severity (Figure 2). In contrast, T Mo fol-
lowed a completely different pattern, since they were significantly
increased in mild G1 COVID-19 patients compared with healthy
controls, but markedly decreased in critical G3 COVID-19 patients
(Figure 2). Moreover, T Mo/CD1c* c¢DC ratios tended to be high-
er in G1 and G2 patients with less severe disease progression. In
addition, large CD14"CD16"HLADR" granulocytes were increased
in G1 and G2, but not G3 COVID-19 subgroups; and higher ratios
of these cells relative to CD1c* DCs were specifically increased in
severe G2 patients (Supplemental Figure 2, B and C). Important-
ly, similar differences were observed when absolute numbers of
most myeloid subsets were analyzed (Supplemental Figure 3A).
Moreover, although a large proportion of critical G3 patients pre-
sented microbial superinfection in the lung at the time of sample
collection (see Methods and Supplemental Table 2), we observed
similar significant decreases of most populations between these
individuals and those who did not present superinfection (Supple-
mental Figure 3B). In addition, although G3 patients were hospi-
talized for a longer time before sample collection than the other 2
COVID-19 subgroups, no significant variations were observed in
frequencies of circulating populations within G3 patients stratified
according to sample collection prior to or after 6 days from hospital
admission (Supplemental Figure 4). Alterations in frequencies of
specific myeloid populations have been related to clinical parame-
ters associated with COVID-19 severity (2). Our analyses revealed
that higher frequencies of circulating C, T, and NC Mo and CD141*
cDCs (Supplemental Figure 5, B and C) were weakly correlated
with higher levels of blood oxygenation. Importantly, depletion of
C and T Mo from the blood correlated most significantly with high-
er plasma levels of inflammatory markers, such as PCT, CRP, and
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in the case of C and T Mo, to some extent with higher IL-6 (Figure
3 and Supplemental Figure 5A). Similar trends were observed for
cDCs (Supplemental Figure 5, A and B), while no significant asso-
ciation was observed for granulocytes (Supplemental Figure 5, A
and B). On the other hand, depletion of inflammatory NC Mo in
COVID-19 did not associate with IL-6 plasma levels (Supplemen-
tal Figure 5A). Together, these data indicate that frequencies of C,
T, and NC Mo and CDIc* cDCs are preferentially reduced in the
blood during severe disease progression and that these populations
are differentially correlated with inflammatory markers.
Activation profiles in circulating Mo versus DCs from mild, severe,
and critical COVID-19 patients. We next sought to determine
whether the activation state of DC and Mo subsets was differ-
ent in the subgroups of COVID-19 patients. Our previous t-SNE
analysis involved redistribution of cell populations considering
both frequencies and expression of the maturation marker CD40,
which has been linked to cellular activation and the expression
of IL-6 cytokine (23, 24). As shown in Supplemental Figure 6A,
t-SNE distribution of CD40 expression was restricted to specific
myeloid cell populations, while other cells seemed to have down-
regulated this molecule on COVID-19 patients. These patterns
were particularly evident for t-SNE from severe G2 and critical G3
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Figure 1. t-SNE visualization of cell subset distribution in the
blood of COVID-19 patients. (A) t-SNE analysis of myeloid cells
from a total of 49 samples (34 COVID-19 patients and 15 non-
COVID-19 [NC] controls) gated after exclusion of lineage-positive
cells and excluding granulocytes. Upper dot plots on the left show
combined density of cell clusters in both patient groups. Lower dot
plots on the right display highlighted distribution of each indicated
myeloid cell population. Cell populations present in both t-SNE
plots are highlighted with a number. Those populations changing
in the 2 patient groups are highlighted in red. (B) Quantification

of numbered cell populations identified by t-SNE in A from the
blood of COVID-19 and NC controls. Statistical significance was
calculated using y* test and FDR multiple-comparison correction.
*P < 0.05; **P < 0.01; ***P < 0.001.

patients, which were characterized by the depletion of
cells expressing CD40 (Supplemental Figure 6A). In con-
trast, cells from mild G1 patients seemed to show similar
or even upregulated expression of CD40 (Supplemental
Figure 6A). When CD40 expression levels were analyzed
within each myeloid cell subset in total and stratified
COVID-19 patients, we observed again differences asso-
ciated with disease severity in some populations (Figure
4, A and B; and Supplemental Figure 6, B and C). Inter-
estingly, CD40 expression tended to be lower in all Mo
subsets from G3 patients, but most significantly in C and
NC Mo (Figure 4B). In contrast, no significant changes in
CD40 expression were observed for CD1c* and CD141*
cDCs, while a mild downregulation of CD40 occurred
on pDCs (Supplemental Figure 6, B and C). Remarkably,
we observed no significant or weak associations of CD40
expression in ¢cDC or Mo subsets with plasma IL-6 and
PCT levels or the frequency of these subsets in the blood
(Supplemental Figure 6, D-F). Therefore, these data
highlight a differential relationship of innate activation
between T and NC Mo versus cDC in COVID-19 patients.

Inflammatory T and NC Mo are enriched and activated in bron-
choscopy infiltrates from COVID-19 patients with ARDS. Based on
these data, we postulated that activated Mo and DC subsets might
be actively recruited to the lung in COVID-19 patients developing
severe disease and ARDS. Most studies analyzing inflammato-
ry cell populations in the lung have used bronchoalveolar lavage
(BAL) samples, since they are most representative of deep alveolar
structure (25-27). However, clinical features of COVID-19 patients
requiring artificial respiratory support make it difficult to collect
enough BAL samples to assess significant differences in immune
cell subsets. Hence, we assessed the proportions of CD45* leuko-
cytes (Supplemental Figure 7A) and their subsets (see strategy of
flow cytometry gating in Supplemental Figure 7B) in dense secre-
tions obtained from bronchoscopy samples routinely obtained to
allow ventilation in critical patients in the intensive care unit (ICU).
Proportions of hematopoietic cell infiltrate from bronchoscopy
samples were not significantly associated with differences in clini-
cal parameters in patients (Supplemental Figure 7A). Remarkably,
cell distribution patterns in bronchoscopy samples were very sim-
ilar to those observed in the 2 cases in which a BAL sample could
also be obtained in parallel from the same individual (Supplemental
Figure 7, B and C). Using this approach, a significant enrichment of
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Figure 2. Analysis of different myeloid subsets in the blood of COVID-19 patients with different clinical severity. Box-and-whisker plots representing propor-
tions of indicated myeloid cell populations present in the blood of non-COVID-19 (1 = 22) control individuals versus either total COVID-19 patients included in the
study or patients stratified into groups according to mild (G1; n = 19), severe (SEV, G2; n = 21), and critical (CRIT, G3; n = 24) clinical status as shown in Supplemen-
tal Table 1. Median of values is shown. Error bars represent maximum and minimum values. Statistical significance of differences between patient groups was
calculated using a Kruskal-Wallis test followed by Dunn'’s post hoc test for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

granulocytes (which represented the vast majority of the leuko-
cytes in those samples; Figure 5A and Supplemental Figure 7, B and
C), CD16"CD14"~ HLA-DR* cells (Figure 5A and Supplemental
Figure 7, B and C), and inflammatory T and NC Mo was observed
(Figure 5A). In contrast, C Mo and CD1c" DCs were also enriched,
but made up a very low percentage of the bronchoscopy samples.
No pDCs or CD141* cDCs were found in bronchoscopy infiltrates
(Figure 5A). In addition, analysis of blood simultaneously obtained
with bronchoscopy lung samples from the same patients (n = 15)
demonstrated that T and NC Mo and CD1c* ¢cDCs were specifically
enriched in the lung (Figure 5B). Similar enrichment patterns were
observed with granulocytes (Supplemental Figure 7F). Importantly,
myeloid cells infiltrated in the lung expressed higher levels of CD40
than their circulating counterparts (Figure 5C). In the lung, we
observed increasing expression of CD40 on C, T, and NC Mo. The
latter represented the myeloid cell subset expressing the highest
levels of CD40 compared with CD1c* ¢cDCs as well (Figure 5D).
In addition, levels of CD40 on NC Mo correlated with higher

CRP within this group of critical COVID-19 patients (Figure 5E).
Although all bronchoscopy samples were collected from critical G3
patients that presented microbial superinfection either in the lung,
blood, urine, or both blood and urine (Supplemental Table 2), we
did not observe significant differences in the distribution of myeloid
cells in the lung after subclassifying patients according to either site
of microbial superinfection or time between hospital admission
and sample collection (Supplemental Figure 7, D and E). However,
levels of activation on NC Mo were significantly more increased in
patients presenting superinfection in the lung (Supplemental Figure
7D). Together, these data indicate preferential enrichment inflam-
matory Mo in the lung and contrasting maturation profiles between
infiltrated NC Mo compared with T Mo and CD1c* cDCs.

Effector CD8" T cell populations in the lung of COVID-19 patients:
association with inflammatory Mo subsets and CDIc* DC. To better
understand the contribution of CD1c* and inflammatory Mo to either
disease progression or protective antiviral immunity in COVID-19
patients, we studied the presence of infiltrating effector T cells in
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Figure 3. Analysis of associations between Mo subset frequencies and clinical parameters from COVID-19 patients. Spearman’s correlations between
frequencies of C (left), T (center), and NC (right) Mo and values of PCT (upper plots) and CRP (lower plots) detected in the blood of all COVID-19 patients
included in the study. P and R values are shown in the upper right corner on each plot.

bronchoscopy samples. We did not observe any significant increase
of T cells or changes in the ratios of CD4*CD8" T cells in the lung as
compared with blood (Supplemental Figure 8A). Expression of CD38
and CXCR5 in CD8" T cells has been previously linked to effector
function and immune exhaustion during viral infections (Figure
6A) (28, 29). Next, we analyzed expression of these activation mark-
ers in circulating CD8" T cells, finding a significant enrichment of
activated CD38'CD8" T cells, more significantly those that coex-
pressed CXCRS5 in bronchoscopies from critical COVID-19 patients
requiring invasive mechanical ventilation (IMV) (Figure 6B and
Supplemental Figure 8B). Of note, CD38*CXCR5'CD8" T cells were
the only subset that was significantly altered compared with both
paired blood in COVID-19 patients and blood from non-COVID-19
individuals (Figure 6B). Finally, we assessed whether frequencies
or activation status of inflammatory Mo and CD1c* ¢cDCs could be
associated with any of these effector CD8" T cell subsets. Interest-
ingly, we observed that higher ratios of inflammatory T and NC Mo/
CDlc* cDCs were negatively associated with proportions of CXCR5*
CD38*CD8" T cells, suggesting a detrimental role of more preferen-
tial infiltration of inflammatory Mo versus DCs during disease pro-
gression (Supplemental Figure 8C). In addition, levels of CD40 in T
Mo, but no other myeloid cells in the lung, were positively associated
with proportions of infiltrated CD38* (both CXCR5" and CXCR5")
CD8" T cells (Figure 6C and Supplemental Figure 8D).

Discussion

In this study, associations of specific Mo and DC subsets with disease
progression in COVID-19 patients are established. Our results indi-
cate that increased proportions of T Mo in the blood could be used
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as a marker of viral control or mild clinical conditions in infected
patients. In contrast, dramatic decreases of T and NC Mo and CD1c*
DCs are associated with severe clinical outcomes in COVID-19
patients. In addition, our study shows that reduction of frequency of
T and NC Mo in the blood is associated with increased inflammato-
ry markers, such as PCT, CRP, and weakly, with IL-6, while no link
with type I IFN was observed. This reduction is also associated with
the selective recruitment to the lung of these populations and CD1c*
¢DCs during the development of ARDS. Interestingly, remaining
circulating Mo tended to express lower levels of CD40, which could
reflect either impaired maturation or selective migration of activated
cells to the lung or other anatomical locations. On the other hand,
increased activation of NC Mo and defective maturation of T Mo
might be associated with uncontrolled inflammation in the lung and
the activation of effector CD8* T cells. Moreover, our data indicate
that frequency of granulocytes is reduced in the blood from critical
patients, while numbers are not significantly affected, in contrast
with other studies (30). However, these cells are highly enriched
in the lungs of individuals undergoing critical COVID-19. In addi-
tion, CD16"CD14" HLA-DR" cells are also enriched in the lungs
from critical COVID-19 patients and might represent macrophages
that are differentiated in situ from inflammatory NC Mo that could
also contribute to the disease. Therefore, our data highlight differ-
ential involvement of myeloid cell subsets in the pathogenesis of
COVID-19 disease and immunity against SARS-CoV-2 virus. Some
of these patterns are similar to those described in pneumonia from
different pathological contexts (31, 32). Although these data provide
cellular insights into the pathogenesis of severe COVID-19, future
studies will need to focus on mechanisms responsible for these
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Figure 4. Activation profiles of myeloid cells from the blood of COVID-19 patients and association with clinical parameters. (A) Flow cytometry dot

plots showing CD40 expression on gated C, T, and NC Mo from representative non-COVID-19 controls and mild (G1), severe (G2), and critical (G3) COVID-19
patients. Fluorescence minus one (FMO) controls (blue) for each cell subset are included for comparison purposes. (B) Box-and-whisker plots representing
CD40 MFI on the indicated myeloid cell populations present in the blood of healthy individuals versus either total COVID-19 patients included in the study
or patients stratified into groups according to mild (G1; n = 19), severe (G2; n = 21),and critical (G3; n = 24) clinical characteristics specified in Supplemental
Table 1. Median is highlighted. Error bars represent maximum and minimum values. Statistical differences between patient groups were calculated using a
Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons. TOT, total. *P < 0.05.

altered cellular patterns. In this regard, recent single-cell transcrip-
tomic analyses on inflammatory infiltrates in the lung of COVID-19
patients suggest the altered expression of genes coding for proin-
flammatory cytokines and/or IFN-associated and IFN-stimulated
proteins that have been previously associated with the activation of
antibacterial innate pathways (10).

Our data indicate that a large proportion of individuals with
COVID-19 from the critical G3 group developing ARDS and
requiring IMV were superinfected with bacteria or candida at
the time of sample collection. While these superinfections were
mostly detected after the initiation of IMV, the majority of critical
G3 COVID-19 patients exhibited high levels of PCT upon admis-
sion, a parameter commonly associated with bacterial infection
(33) and also an indicator of inflammation and severe COVID-19
prognosis (2). In addition, although the majority of myeloid cell
populations analyzed were similarly decreased in the blood of G3
patients independently of whether they presented superinfection
in the lung or not, T Mo seemed to be more markedly affected spe-
cifically in patients with superinfection in the lung. Also, those G3
patients positive for microbial superinfection in blood and urine
seemed to behave differently from those positive in the lung.

Therefore, it is possible that COVID-19 patients might be more
susceptible to microbial superinfection early or during ICU treat-
ment and this could contribute to changes in inflammation, migra-
tion, and homeostasis of myeloid cells from COVID-19 patients
specifically undergoing severe disease progression. If this were
the case, the simultaneous activation of antiviral and antibacte-
rial innate recognition pathways could be a potential mechanism
that might contribute to uncontrolled inflammation and immune
exhaustion in these individuals, similarly to what has been
described in HIV® individuals coinfected with mycobacterium
tuberculosis and developing immune reconstitution inflammato-
ry syndrome (IRIS) (34). In this regard, type I IFN responses have
been described as inhibiting expression of CD40 (35); however,we
did not find higher levels of type I IFN in the blood of critical G3
patients. In fact, some levels of type I IFN were detected in mild
COVID-19 patients, suggesting a potential protective role of this
type of response, as proposed by a recent study (36). Therefore,
further research is required to specifically address this issue.
Information about critical cell subsets participating in the
pathogenesis of COVID-19, significant sample size, and the avail-
ability of healthy non-COVID-19 controls as a reference group are
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Figure 5. Characterization of myeloid cell subsets present in bronchoscopy infiltrates from COVID-19 patients with ARDS. (A) Box-and-whiskers plots show-
ing percentages of the indicated cell populations in the hematopoietic CD45* infiltrate present in bronchoscopy mucus samples from severe COVID-19 patients
(n = 23) presenting ARDS and receiving IMV at ICU. Error bars represent maximum and minim values. Statistical differences between proportions of cell popu-
lations within the same infiltrates were calculated using Friedman's test for multiple comparisons. *P < 0.05; **P < 0.01; ****P < 0.0001. (B and C) Frequen-
cies (B) and CD40 MFI (C) of CD1c* and CD141* cDCs (left) and T and NC Mo (right) in paired blood and bronchoscopy samples from COVID-19 patients presenting
with ARDS (n =15). Statistical significance of differences in frequencies between paired blood vs. bronchoscopy samples (black) or between different cell
subsets within either blood (blue) or bronchoscopy infiltrates (pink) was calculated using a 2-tailed matched pairs Wilcoxon's test. *P < 0.05; **P < 0.01; ***P
< 0.001. (D) Box-and-whiskers plots representing comparison of CD40 MFI on the indicated myeloid cell populations present in the bronchoscopy infiltrates of
total critical G3 COVID-19 patients. Error bars represent maximum and minimum values. Statistical significance of differences was calculated using Friedman’s
test for multiple comparisons. *P < 0.05; **P < 0.01; ****P < 0.0001. (E) Spearman’s correlations between CRP levels in plasma and CD40 MFI on NC Mo pres-
ent in the bronchoscopy infiltrates of severe COVID-19 patients. Spearman’s P and R values are shown in the upper right corner of the plot.

strengths of our research. However, a number of limitations need
to be discussed. This is a cross-sectional study design comparing
severe COVID-19 patients with 2 sets of controls: mild/severe
COVID-19 patients and non-COVID-19 healthy controls. In addi-
tion, a limitation of our study is the different time periods of sam-
ple collection after hospitalization in critical G3 patients compared
with severe and mild patients. Although we did not observe sig-
nificant differences in myeloid cell distribution between patients
that had been hospitalized for fewer or more than 6 days or signif-

since their clinical progression is different from that G3 patients.
Because of this cross-sectional nature, any assessment of progres-
sion will require a confirmation in prospective follow-up studies. In
addition, our study provides data on bronchoscopy infiltrates rath-
er than BAL, given the fragile status of COVID-19 patients with
ARDS. Although bronchoscopies might not necessarily reflect the
characteristics of infiltrates present in terminal bronchioles and
alveoli, our data from 2 patients indicate that the composition of
myeloid cells in the infiltrates obtained by these methods are com-
parable. On the other hand, our study did not directly address the
protective versus detrimental function of DCs during COVID-19
infection. In this sense, CD141* cDCs are important for the priming
of antiviral CD8" T cell responses (15, 37) and are severely depleted
from the blood in all COVID-19 patients regardless of their clinical

icant differences in symptom duration between severe and criti-
cal patients, we cannot formally rule out that some of the charac-
teristics of this patient subgroup might be due to the timing after
infection and their inability to control the virus. Obviously, it is
difficult to obtain time-matched samples for the other 2 subgroups,
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Figure 6. Association between effector CD8* T cell and inflammatory myeloid cells present in bronchoscopy from COVID-19 patients with ARDS. (A)
Representative flow cytometry analysis of CD38 versus CXCR5 expression on gated CD8* T cells present in the blood (left) and paired bronchoscopy infiltrate
(right) from COVID-19 patients with ARDS. Numbers on quadrants represent percentages of positive cells. (B) Box-and-whiskers plots representing analysis of
frequencies of CXCR5*CD38* (left), CXCR5*CD38" (center), and CXCR5-CD38* (right) CD8* T cells present in paired blood and bronchoscopy samples from n = 15
COVID-19 patients presenting with ARDS. Frequencies of these CD8* T cell subsets on the blood of n = 17 non-COVID-19 controls were included for reference.
Error bars represent maximum and minimum values. Statistical significance of differences in frequencies between paired blood vs. bronchoscopy samples
(blue) or comparison with healthy controls (black) was calculated using a 2-tailed matched pairs Wilcoxon’s and Mann-Whitney U test with Bonferroni's mul-
tiple comparison correction, respectively. *P < 0.05; **P < 0.01; ***P < 0.001. (C) Spearman’s and Pearson’s correlations between proportions of the indicated
effector CD8* T cells subset and CD40 MFI on T Mo. Spearman’s and Pearson’s P and R values are shown in the upper right corner on each correlation plot.

status, but they are almost completely undetectable in bronchosco-
py infiltrates from individuals developing severe ARDS. These data
might support a defect in the priming, maintenance, or exhaustion
of virus-specific CD8* T cells in the lungs. In addition, our data sug-
gest a certain level of association of activation of T Mo and propor-
tions of a new subset of CXCR5'*CD38'CD8" T cells that we have

identified in the lung. CXCR5'CD8" T cells have been associated
with control of respiratory and nonrespiratory viruses (29, 38, 39).
In contrast, CD38*CD8" T cells can act as an immunosuppressive
subset (40). However, the functional nature of this population of
CXCR5'CD38*CD8" T cells remains to be tested and these issues
must be investigated in depth with a larger patient cohort and
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specific functional assays. In addition, CD1c* cDCs are known to
support CD4* T cell responses and stimulate follicular helper T
cells required for effective humoral antiviral adaptive immunity
(14). While it has been proposed that protection against SARS-
CoV-2might also be at least partially mediated by specific Abs (41),
the role of CD1c* DCs inducing Tth responses in these patients has
not been addressed in our study and requires further research.

To conclude, our study unveils immune cellular networks
associated with control or progression of COVID-19 disease,
which might be useful for early diagnosis and the design of new
more targeted and individualized treatments. Eventually, further
research on these mechanisms may lead to the development of
new therapeutic or preventive strategies.

Methods
Study patient cohort and samples. A total of 64 patients diagnosed with
COVID-19 after testing positive for SARS-CoV-2 RNA by quantitative
PCR (qPCR) were included in the study. As specified in Supplemental
Table 1, 95% of patients initiated different treatments upon hospi-
tal admission. Our cohort of COVID-19 patients was stratified into 3
groups of mild (G1), severe (G2), and critical (G3) prognosis based on
respiratory frequency (RF), blood oxygen saturation (StO2), PaFiO2,
and respiratory failure values as well as by following recently described
criteria (22). Plasma levels of INF-a and IL-6 were also determined by
ELISA (Human IFN Alpha Multi-Subtype Serum ELISA Kit, pbl ASSAY
Science; Human IL-6 Quantikine High Sensitivity Enzyme-Immune
Assay; R&D Systems). Blood samples were obtained for all participants
and directly used for analysis without prior Ficoll gradient centrifuga-
tion to avoid the depletion of polymorphonuclear cells.

Of note, critical G3 patients from whom blood (n = 24) and/or
bronchoscopy samples (n = 23) were collected displayed 80.95% and
100% of microbial superinfection at the time of sample collection,
respectively. The majority of superinfections in these patients were
observed 6 days after ICU admission and IMV support (88.24% from
blood and 100% from bronchoscopy samples) and were caused by
either bacteria alone (66.66% from blood and 65% from bronchos-
copy samples), fungi alone (26.66% from blood and 30% from bron-
choscopy samples), or both types of pathogens (6.66% from blood and
5% from bronchoscopy samples) (Supplemental Table 2).

Flexible bronchoscopy procedures were conducted in all ICU
patients under sedation and muscle relaxation. The main indication
for performing this technique was due to the poor respiratory and
clinical situation of the patients. This technique enables the visual-
ization of the lumen and mucosa of the trachea and also of the proxi-
mal and distal airways. Flexible bronchoscopy is indicated to evaluate
pneumonia, to asses infiltrates of unclear etiology, to aspirate secre-
tions, and to prevent development of atelectasis and pneumonia asso-
ciated with invasive ventilation. Furthermore, in patients suspected
of having pneumonia or infections, microbiological specimens can
be collected with bronchial washings. Bronchial washings consist
of aspirating bronchial secretions directly or after instilling physi-
ological serum. We did not employ local anesthetic to avoid sample
alterations. BAL can also be performed in pneumonia patients. Nev-
ertheless, this technique entails a high risk for patients with severe
respiratory failure. This is true specially for patients with high oxygen
concentration requirements, such as COVID pneumonia patients.
Therefore, we performed BAL solely in 2 cases (42). The technique
Volume 130 Number 12
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used in the study was based on an initial bronchial aspiration that
was discarded and a subsequent aspiration to collect sample from
distal bronchial portions; after that, a bronchial washing sample was
obtained in the distal bronchial portions. In situations where the clin-
ical and ventilatory situation allowed it, BAL was performed, which
was obtained after nailing the bronchoscope in a subsegmental bron-
chus with the instillation of 3 aliquots of 20 cc of 0.9% saline, with
recovery of more than 50% of the instilled fluid. Analysis of the BAL
samples showed results similar to those obtained in bronchial lavage.
Finally, the hematopoietic lung infiltrates were obtained from bron-
choscopy samples diluted in 0.9% sodium chloride at a 1: 5 ratio and
after 3 sequential centrifugations at 830 g over 10 minutes.

Flow cytometry reagents and data analysis. For phenotypical stud-
ies of cell populations present in peripheral whole blood, cells were
incubated with a panel of different combinations of the following
mAbs: anti-human CD3-Pacific blue and PerCP-Cy5.5, CD19Per-
CP-Cy5.5, CD56 PerCP-Cy5.5, CD8-APC-Cy7, CXCR5-PE, CD14-PE,
CD16-Pacific blue, CD40-FITC, HLA-DR-APC-Cy7 and HLA-DR-
APC, CDl1lc-Pacific blue, CD1c-PE-Cy7, CD141-APC (BioLegend)
and CD38-FITC, CD123-APC, CD20-PerCP Cy5.5, and HLA-DR-
APC (BD) for 30 minutes. All details for commercial Abs are summa-
rized in Supplemental Table 3. Subsequently, whole blood cells were
treated with BD FACS Lysing Solution for 15 minutes, centrifuged at
830 g, and finally resuspended in 1x PBS (Lonza) and analyzed using
a BD FACSCanto II Flow Cytometer (BD). The gating strategy for
myeloid cells is shown in Supplemental Figure 2. CD1c* and CD141*
cDC subsets were identified as lineage-negative (CD3°CD19-CD20"
CD567), CD14- HLADR cells that expressed either CD1c and CD141
(panel I). pDCs were defined as LinTHLA-DR*CD11¢"CD123" cells
(panel II). CD14"CD16~ C, CD14™ CD16* T, and CD14°CD16" NC
Mo were defined on the basis of CD14 and CD16 expression levels.
Granulocytes were identified as large CD14'”-CD16" HLADR® cells.
Maturation status of myeloid cells was defined based on CD40
MFL. In the case of bronchoscopy samples from critical COVID-19
patients, we added anti-CD45-Pacific Orange mAbs (BioLegend) to
the previously described Ab cocktails and performed an additional
panel to analyze frequencies and distribution of CD3*CD8* and CD4*
T cell subsets defined by expression of CD38 and CXCR5 or HLA-DR,
respectively. Individual and multiparametric analysis of flow cytome-
try data was performed using Flow]Jo software (Tree Star) and t-SNE.

Statistics. Quantitative variables were represented as median and
interquartile range. Statistical differences between different cell pop-
ulations or between patient cohorts was calculated using a nonpara-
metric 2-tailed Mann-Whitney U test or using a Kruskal-Wallis test,
Friedman test, or Bonferroni’s for multiple comparisons, as appropri-
ate. Significant differences of paired analyses were calculated using
a 2-tailed Wilcoxon’s matched pairs test and a Bonferroni’s multiple
comparison correction when possible. Association between cellular and
clinical parameters was calculated using nonparametric Spearman’s
correlations. Statistical significance was set at P < 0.05. Statistical analy-
ses were performed using the GraphPad Prism 8 software.

Study approval. This study was approved by the Research Ethics
Committee of Hospital Universitario de La Princesa in the context of
REINMUN-COVID and EDEPIMIC projects, and it was carried out
following the ethical principles established in the Declaration of Hel-
sinki. All included patients (or their representatives) were informed
about the study and gave written, informed consent.
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