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Abstract
SARS-CoV-2, the etiological agent causing COVID-19, has infected more than 8.7 million people with over
461000 deaths worldwide since its emergence in December 2019. Factors for severe disease, such as
diabetes, hypertension and obesity have been identi�ed however, the precise pathogenesis is poorly
understood. In order to understand its pathophysiology and to develop effective therapeutic strategies, it
is essential to de�ne the prevailing immune cellular subsets. We performed circulating immune cells
scRNAseq from �ve critically ill COVID-19 patients. Immature myeloid populations, such as
promyelocytes-myelocytes, metamyelocytes, band neutrophils, monocytoid precursors and activated
monocytes predominated. Trajectory with pseudotime analysis supported the �nding of immature cell
states. Gene ontology showed myeloid cell activation in immune response, DNA and RNA processing,
defense response to virus and response to type 1 interferon. Lymphoid lineage was scarce. Our results
uncover a transcriptomic pro�les related to immature myeloid lineages and suggest the potential
induction of trained immunity. 

Introduction
Since its emergence in Wuhan, China in December 2019 the coronavirus disease (COVID–19) epidemic
caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV–2) has rapidly progressed
into a devastating pandemic with serious social and economic consequences 1. According to the World
Health Organization, more than 8.7 million people have been diagnosed with COVID–19 and over 461
000 persons have died worldwide2,3. The clinical presentation of COVID–19 varies widely. However, a
subset of patients may evolve into an acute respiratory distress syndrome (ARDS), requiring intubation
and mechanical ventilation, that is frequently complicated by a peculiar form of coagulopathy and
eventually multiorgan failure and death. This complicated course occurs in the context of a “cytokine
storm” characterized by overproduction of TNF, IL6, IL1ß and G-CSF and generalized vascular
hyperpermeability 4. Although risk factors such as diabetes, obesity and hypertension have been
associated with the development of life-threatening COVID–19, a non-negligible proportion of healthy
young individuals without comorbidities develops the severe form of the disease. The
immunopathogenesis of this severe form of COVID–19 is poorly understood 5. Viral particles spread
through the respiratory mucosa infecting other cells, unleashing a series of immune responses,
characterized by a reduction of T and B lymphocytes and an increment of monocytes and neutrophils 6,
7–9. A detailed understanding of this altered immunological state is crucial for the design and
development of effective therapeutic strategies. In the present work we performed single cell RNAseq
from circulating immune response cells from critically ill COVID–19 patients requiring invasive
mechanical ventilation.

Results

Clinical characteristics of critically ill COVID–19 patients



Page 6/19

A pool of peripheral blood samples from �ve patients with severe SARS-Cov–2 infection was created and
used for the scRNAseq experiment, their main clinical and biochemical characteristics are depicted in
table 1. The �ve patients were males with a mean age of 47.8 ± 6.6 years (range 41–57). Two patients
were overweight, one had grade 1 obesity and two had previously been diagnosed with type 2 diabetes
mellitus; no history of hypertension was found in any of them and two patients had no known risk factors
for severe SARS-Cov–2 infection. All patients had radiological evidence of alveolar occupation and
ground glass appearance on imaging studies and required intubation and invasive mechanical
ventilation 3 to 7 days after admission as well as hemodynamic collapse that required vasopressor
support. They all had signi�cantly elevated D-dimer, �brinogen, procalcitonin and C-reactive protein levels.
Besides respiratory and hemodynamic support, all �ve patients were treated with enoxaparin,
hydroxychloroquine, azithromycin or clarithromycin as well as lopinavir and ritonavir; three received high
dose glucocorticoids (hydrocortisone or dexamethasone). One of the �ve patients developed secondary
bacterial and fungal infections for which he received meropenem, vancomycin and voriconazole; no
major arterial or venous thrombotic events were recorded in any of them. Three of the �ve patients died of
ARDS and multiorgan failure. Of note, the majority of patients showed increased myeloid absolute
numbers after seven days of hospitalization.

Immature myeloid cell populations predominance in
critically ill COVID–19 patients
A total of 10884 immune cells from critically ill COVID–19 patients and 4056 from healthy donors were
studied. After normalization and clustering of the gene expression matrix, 12 cell populations clusters
were identi�ed in critically ill COVID–19 patients whereas 5 cell populations clusters were present in
healthy controls. Cells of myeloid origin predominated in critically ill COVID–19 patients whereas cells of
lymphoid origin were more prevalent among healthy controls. Interestingly, in COVID–19 patients with
severe SARS-Cov–2 infection, immature myeloid cell populations predominate, such as band neutrophils
(10.74%), metamyelocytes (19.10%), promyelocytes-myelocytes (11.14%), monocytoid precursor (3.30%),
immature monocytes (19.0%). Mature lineages such as segmented neutrophils (5.01%), mature
monocytes (7.65%) and �nally monocyte-macrophages (13.82%) were also observed. Lymphoid cell
populations, on the other hand, including B (1.77%) and T (4.78%) lymphocytes as well as NK cells
(2.37%) are present in low frequencies in these patients. In contrast, healthy individuals displayed higher
proportions of lymphoid cell lineages such as T (45%), Th1 (5%) and B (12.72%) lymphocytes as well as
NK cells (14.91%) compared to monocytes (21.52%) in the myeloid cell lineage (Figure 1). Transcriptome
analysis from cell populations identi�ed in peripheral blood (PB) of critically ill COVID–19 patients
resembled immature lineages in the bone marrow (BM). Hence, the comparison and coincidence of most
of the transcripts in the different populations characterized the different clusters. Thus, the
promyelocytes-myelocyte cluster was de�ned by the expression of genes such as ACPP, GLB1, CTSS,
SCL11A1, ITM2B, P2RX1, TREM1, TRIM22, SP110, IRF1, STAT1 and NCOA1. Metamyelocytes by the
expression of the following genes: ITGAM, GGH, CR1, MGAM, MMP9, TIMP2, TNFAIP6, VNN2, ANPEP,
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DYSF and PLXNC1. Genes such as GNS, VNN1, ITGAM, C3AR1, CLEC5A, ADAM8, CD58, CR1, FCER1G,
MGAM, MMP8, MMP9, SIGLEC5, VNN2, DYSF, LILRB3, TLR8 and CCR are characteristically expressed by
band neutrophils, whereas segmented neutrophil cells were de�ned by the expression of MGAM, MMP25,
SIGLEC9, VENTX, NLRP1 and VENTX. Monocytoid precursor were identi�ed by the expression of GATA2,
HOXA10, LYZ, FCN1 and S100A9 and the cell cycle genes PCLAF, STMN1, MKI67, TOP2A and CDK1. The
expression of genes such as TLR2, FUT4, CCR1, CCR3, PIAS, TRIM22, TRIM38, IRF1 and JUNB identi�ed
immature monocytes, this cluster also showed tendency towards M1 phenotype, while monocyte-
macrophage (M1) were characterized by the expression of STAT2, EGR2, CREB5, TREM1, TL2, FCGR3B,
ITGAX and NLRP1. Mature monocytes were de�ned by the presence of CD14, LYZ and S100A9. The
expression of genes such as CD79A, CD79B and CD19 de�ned the presence of B lymphocytes. T
lymphocytes express CD3E and CD3D whereas NK cells express NKG7 and GZMA. (Figure 2).

Differentiation pro�les support the existence of immature
cell populations in critically ill, COVID–19 patients
Trajectory analysis along with its respective estimation of pseudotime were carried out to infer potential
differentiation states in the cell populations found in critically ill COVID–19 patients. Node 2 which
gathers several of the immature cell populations, among them metamyelocytes, promyelocytes-
myelocytes and immature monocytes showed time 0, follow throughout the trajectory path to node 1
were it bifurcates into two nodes, one end-node representing and “other” cells, and the second bifurcation
end which includes the mature monocytes at the end of the node. As expected, B and T lymphocytes,
along with NK cells were among the most mature cells found in this analysis (Figure 3). These trajectory
results support our �ndings of diverse immature cell state populations and their potential transitional
states in critically ill patients with COVID–19.

Gene expression alterations in cell populations from
COVID–19 patients were related to key cellular processes
Cellular alterations of the different myeloid cell population subsets were divided in four groups: those
related to 1) myeloid cell activation in immune response as well as granulocyte and leukocyte activation,
2) iron metabolism and anion homeostasis, 3) cell cycle control, DNA and RNA processing and 4)
defense response to virus, response to type 1 interferon and innate immune response. The lymphoid
cellular subset alterations were mostly related to ribosome biogenesis as well as RNA processing and
modi�cation (Figure 4).

Evidence of a TLR-related activation in circulating immature
myeloid cells of severe COVID–19 patients
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Traditionally, it was thought that immunological memory was limited to adaptative immune responses.
Recent evidence has shown that primitive hematopoietic subpopulations, together with its progeny, can
be trained to effectively produce myeloid cells and to respond more e�ciently to a second challenge,
respectively 10. This novel phenomenon is dependent on the transcription factor C/EBPβ which is needed
to maintain accessibility to open chromatin regions and to promote TLR-related responses. We sought to
evaluate the expression of C/EBPβ along with other transcripts involved in TLR-dependent signaling
(Figure 5). When comparing normal monocytes to the immature lineages present in COVID–19 samples
revealed that the expression of CEBPβ was higher, also, the expression of TLR-related transcripts such as
IRF1and FOSL2 was upregulated, while ATF3 expression on immature granulocytes and monocytes was
diminished. Therefore, our results suggest that immature circulating myeloid cells of severe COVID–19
patients are enriched in transcripts related to TLR signaling that resemble the CRBPβ-dependent open
chromatin regions observed during lipopolysaccharide-dependent trained immunity of primitive
populations.

Discussion
The SARS-CoV–2 is the etiological agent causing COVID–19 which has infected more than 4.7 million
people with more than 316 000 deaths since its emergence in December 20192. De�ning which are the
immune cell subsets that prevail in the circulation of these patients and what is their molecular activation
status is crucial for understanding the immune clearance mechanisms that operate in these patients and
thus, for the development of new and effective therapeutic strategies. Among the molecular alterations
found in the immune response cells from critically ill patients with COVID–19 was the abnormal type 1
interferon response 11 and could potentially represent a target for molecular therapy 12. Typical PBMC in
healthy individuals include ~80% of T lymphocytes (CD3D), ~6% of NK cells (NKG7), ~6% of B
lymphocytes (CD79A) and ~7% of myeloid cells (S100A9) 13. During viral acute infection the single-
stranded RNA from SARS-CoV–2 can be recognized by TLR–7 and TLR–8 during replication, while TLR3,
RIG-like receptors, and MDA–5 can sense double-stranded RNA which is a replication intermediary 14; the
viral Spike protein can be recognized by TLR2 15, TLR4 and TLR6 16. While the recognition of viral
patterns induces strong immune responses, it is also known that human stem and progenitor cells
(HSPC) express TLR7, TLR8, TLR2, TLR3, and TLR4 and upon stimulation, granulopoiesis and
monopoiesis are induced and perpetuated 17–21.

Using a scRNAseq approach we have found a distinctive predominance of cell lineages of myeloid origin
and a diminished number of lymphoid lineages in patients with severe atypical pneumonia and life-
threatening respiratory distress syndrome due to SARS-CoV–2, which is in accordance with recently
reported data 7–9. Not only increased myeloid lineage was favored in COVID–19 critical patients, but also
immature cell states were observed. Atypical morphological alterations in monocytes from patients in
intensive care unit has been reported22, and the presence of immature granulocytes such as
metamyelocytes and band neutrophils has been reported 9. It is noteworthy that a similar blood pro�le
has been observed in patients with acute parvovirus B19, cytomegalovirus and Epstein-Barr viral
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infection23–25. Thus, the presence of immature myeloid cells in peripheral blood of patients in response
to acute and severe viral infection is a common feature.

Our results suggest that severe SARS-Cov–2 infection induce immature granulocyte and monocyte
release from the BM since most of the transcripts corresponded to an immature state of differentiation of
granulocytic and monocytic programs 26–29. In line with our �ndings, peripheral blood (PB) smears from
critical COVID–19 patients have shown to have morphological abnormalities that correlate with
maturation asynchrony 30. Overproduction of myeloid cells could be the result of increased
proliferation/differentiation of hematopoietic stem and progenitor cells in response to SARS-CoV–2
(potential emergency hematopoiesis) which currently single cell transcriptome results could support. We
have previously reported a proliferative state of immune cells from COVID–19 patients (submitted). Also,
the massive release of immature myeloid cells -already present in bone marrow as a result of increased
levels of cytokines such as G-CSF, which is upregulated4.

Although more than 5 different populations of PB monocytes have been described 31, in our study only
one of these cell populations was present in blood from healthy individuals. In contrast, in blood samples
from critically ill patients with COVID–19 we found four different monocyte clusters. One of these
clusters which we named monocytoid precursor cluster, displays monocytic transcripts as well as
transcripts in implicated in cell cycle regulation. We believe this cluster displays a more immature
transcriptome which prompts us to speculate that it as a precursor population of the mature monocyte
cluster and the M1 monocyte-macrophage.

Lineage-speci�c acquisition of function is achieved during cell maturation. Our analysis showed that
lineage-speci�c molecules, such as S100A8/A9, are expressed in all stages of differentiation of myeloid
cells in patients with COVID–19. These transcripts encode the myeloid-related proteins 8/14 which are
known to be released and recognized in an autocrine fashion by TLR4 for effective diapedesis 32.
Integrins (LFA–1 and Mac–1) are fundamental for myeloid migration and function 33 and they are
acquired during the latest stages of differentiation. In line with our results, ITGAL (LFA–1) and ITGAM
(MAC–1) were also poorly expressed in all immature lineages of COVID–19 samples while they are fully
expressed in mature myelocytes.

In accordance with the left shift seen in patients with COVID–19 9,34 our results show severe lymphopenia
re�ected by at least a 7-fold reduction in the percentage of B and T lymphocytes and NK cells. During
acute in�ammatory conditions, the production of B lymphocytes and NK cells is drastically inhibited,
favoring myelopoiesis 21,35–37. In this regard, it is interesting to note that our two surviving patients had
normal lymphocyte counts, while those who died had severe lymphopenia.

Recently, the trained-immunity of HSPC has been shown to be dependent on epigenetic events which
induce the maintenance of open chromatin regions that persist in a CEBPβ-dependent fashion.
Importantly, these epigenetic changes are conserved during differentiation and are used by myeloid cells
during the immune response 10. Therefore, we searched in our analysis for the expression of CEBPβ and
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found it in all stages of granulocytic and monocytic differentiation in samples from patients with severe
COVID–19. Furthermore, we looked for additional factors that are known to be involved in TLR signaling
and that are recruited to the open chromatin regions in conjunction with CEBPβ. It is noteworthy that in
comparison to healthy donor-derived monocytes, transcripts related to TLR responses such as IRF1 and
FOSL2 were upregulated in patients with severe COVID–19, re�ecting perhaps a state of innate immune
cell activation, which is in line with our gene ontology results. Further supporting this notion is our �nding
of very few cells expressing RUNX1 which is in agreement with the absence of the most primitive HSPC in
peripheral blood. Altogether, CEBPβ and IRF1 and FOSL2 upregulation, denote an activation state related
to TLR-dependent responses during severe COVID–19.

In COVID–19 patients a left shift is observed, our results suggests potential emergency hematopoiesis
has occurred, supported by the presence of proin�amatory cytokines observed in this disease 4 along
with the exposure to viral PAMPs and our own data suggesting a TLR-dependent activation. Other ligands
such as Poly I:C (a TLR3 ligand) can also sensitize HSPC to a secondary challenge10. Since during SARS-
CoV–2 replication, TLR3 can recognize dsRNA, it is reasonable to think that possibly an epigenetic
reprogramming of primitive cells (trained immunity) could occur which could contribute to a protection to
a later SARS-CoV–2 challenge though the mounting of a more e�cient ability to mount innate immune
responses.

In summary our results show the presence of immature myeloid lineages in peripheral blood in critically ill
COVID–19 patients potentially suggesting a state of emergency myelopoiesis. The molecular signatures
of this phenomenon are consistent with activation of TLR-induced responses and perhaps the acquisition
of trained immunity.

Materials And Methods

Patients and tissue samples
Blood samples from �ve critically ill patients with COVID–19 infection were collected in EDTA-coated
tubes. tissues were collected from patients diagnosed, treated and followed at the Medicina Interna
department of the Hospital de Especialidades, Centro Médico Nacional Siglo XXI of the Instituto
Mexicano del Seguro Social in April 2020. A family member of all participating patients signed an
informed consent and the study protocol was approved by our Institutional Ethics and Scienti�c
committees. SARS-CoV–2 infection was corroborated by RT-qPCR at an o�cial federal government
reference laboratory.

Sample preparation, scRNAseq library generation and
sequencing
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Peripheral blood from the �ve critical COVID–19 patients was collected in EDTA-coated tubes, and
immune cells were isolated according to standard centrifugation methods, 3500 rpm during 15 min,
followed by red blood cell lysis.

Chromium Next GEM Single Cell 3´ Reagent Kits v3.1 and protocol from 10X Genomics was followed as
recommended by manufacturer’s instructions, brie�y described. The �ve patients immune cells were
pooled in a single tube and cells were diluted in 1x phosphate buffered saline (PBS) to 700–1200 cells
per µl. Cell suspension was loaded in Chromium Next GEM Chip G and sorted in the Chromium Controller
from 10X Genomics. The Cell-Gel Beads in Emulsion (GEMs) were then incubated to generate the
barcoded cDNA. cDNA was cleaned using Dynabeads and washed, followed by cDNA ampli�cation and
SPRIselection. The retrieved cDNA was enzymatically fragmented, end-repaired, poly-A tailed and ligated.
Size selection, adaptor ligation and ampli�cation were done. Sequencing was done using NextSeq 550
System High-Output Kit (300 cycles) in NextSeq 500 system (Illumina) according to 10X Genomics
speci�cations: Read 1 = 28 cycles, Read 2 = 91 cycles, Index 1 = 8 cycles. All quality control steps were
carried out using 4200 TapeStation System (Agilent) with High Sensitivity D1000 Screen Tape, whereas
the concentration was calculated using Qubit 2.0 Fluorometer with Kit High Sensitivity assays.

scRNAseq bioinformatic analysis
Partek Flow software was used with scRNAseq toolbox. First the tags were trimmed and then the reads
were aligned using STAR 2.7.3a algorithm to human genome hg38. UMI’s were deduplicated and barcode
�ltered. Following criteria were then applied to each cell, i.e., gene number between 200 and 6000, UMI
count above 300 and mitochondrial gene percentage below 20%. To quantify the transcriptome human
hg38 Ensembl transcripts release 99 was used. Counts per million, Add 1.0 Log 2.0 were the
normalization parameters. Data has been deposited in Sequence Read Archive hosted by National Center
for Biotechnology Information.

Markers used to circumscribe cell populations
Clusters were categorized by analyzing differentially expressed genes according to previously published
data obtained from human samples 26–29,38,39.

Dimensionality reduction and clustering
The �ltered and normalized gene-barcode matrix was analyzed by principal components, then graph
based and t-distributed stochastic neighbor embedding (t-SNE) using default parameters was carried out.

Trajectory and pseudotime analysis
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Monocle2 algorithm located within the Partek Flow scRNAseq toolbox was used with default parameters
to calculate the transition states and pseudotime from cell populations identi�ed.

Gene ontology analysis
WebGestalt (http://www.webgestalt.org) was used for understanding the biological meaning behind the
resulting list of genes, to obtain gene ontology for signi�cantly de-regulated genes in COVID–19 patients
cell populations.
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Table
Table 1:  Clinical and biochemical characteristics of critically ill patients with COVID-19 infection (OW:
overweight, DM: type 2 diabetes mellitus, BMI: body mass index)
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  Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age, yrs 57 46 43 41 52

BMI, Kg/cm2 29 26.3 31 24 29

Comorbidities OW None DM, OW None DM, OW

Admission to intub, days 4 3 5 3 5

Leukocytes per mm3 9130 8760 7760 8900 5060

Lymphocytes, x 103/mm3 650 520 160 1130 1600

Hb, g/dL 16.4 15.9 17 12.9 15.8

Platelets, x 103/mm3 193 357 380 523 169

CRP, mg/L 23.6 35 11.9 27 11.6

Procalcitonin, ng/mL 2.32 1.87 0.07 0.22 0.33

D-Dimer, ng/mL 2410 3320 1100 2980 2020

Fibrinogen, mg/dL 834 788 753 789 773

Final outcome Dead Dead Dead Alive Alive

Figures

Figure 1

Cell populations identi�ed in critically ill COVID-19 patients.
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Figure 2

Molecular markers identifying cell clusters.
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Figure 3

Trajectory analysis

Figure 4

Gene Ontology terms.
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Figure 5

Immunity trained gene expression.


