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Abstract:

Severe coronavirus disease 2019 (COVID-19) is characterized by systemic inflammation and can result
in protracted symptoms. Robust systemic inflammation may trigger persistent changes in hematopoietic
cells and innate immune memory through epigenetic mechanisms. We reveal that rare circulating
hematopoietic stem and progenitor cells (HSPC), enriched from human blood, match the diversity of
HSPC in bone marrow, enabling investigation of hematopoiesis and HSPC epigenomics. Following
COVID-19, HSPC retain epigenomic alterations that are conveyed, through differentiation, to progeny
innate immune cells. Epigenomic changes vary with disease severity, persist for months to a year, and
are associated with increased myeloid cell differentiation and inflammatory or antiviral programs.
Epigenetic reprogramming of HSPC may underly altered immune function following infection and be
broadly relevant, especially for millions of COVID-19 survivors.

One Sentence Summary: Transcriptomic and epigenomic analysis of blood reveal sustained changes in
hematopoiesis and innate immunity after COVID-19.


https://doi.org/10.1101/2022.02.09.479588
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.09.479588; this version posted February 10, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Graphical Abstract:

PBMC-PIE

HSPC (CD34+) sort/spike-in T & NK Cells

Myeloid Cells

|/ Altered myeloid cell phenotypes

Granulocyte pro. :/ HSPC === Healthy
<//: m== post-COVID-19

Erythroid pro.

LYMPHOID CELLS
ST1130 AdIOT3AN

Q® |: Mega-

Y. |} karyocyte 5

Q |: pro. :

S Multi-potent pro.

o = 4 :

(@] Neutrophil pro. 5 : . .

l“IZ :

8|

o] (4 ) Epigenetic Memory short lifespan
{é} @@ :35? D y ~2 wks
SARS-CoV-2 Hspg ~ Seffrenew Monocytes

¢ “PBMC-PIE” (Peripheral Blood Mononuclear Cell analysis with Progenitor Input Enrichment) enables deep
characterization of hematopoietic stem and progenitor cells (HSPC) from peripheral blood at the cohort level

¢ Analysis of a post-COVID-19 cohort reveals durable innate immune and HSPC epigenetic memory

¢ Type and durability of innate immune and HSPC memory depends on COVID-19 severity

* Persistent increases in neutrophil progenitors and altered monocyte phenotypes following severe COVID-19

e Distinct signatures of AP-1 and IRF chromatin binding in post-COVID-19 phenotypes
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Main Text:

Coronavirus disease 2019 (COVID-19), the illness caused by infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV?2), is characterized by a broad range of symptoms and severity and
can result in a protracted course. Delayed adaptive immune and interferon (IFN) responses together with
robust innate immune cell activity feature prominently in acute severe COVID-19 (/-10). However, the
long-term effects of COVID-19 on the immune system are unclear. Durable changes in the immune system
following COVID-19 could influence subsequent immune responses to pathogens, vaccines, or even
contribute to long-term clinical symptoms, i.e., post-acute sequelae of SARS-CoV-2 infection (PASC)
(11-13) and COVID-19-associated multisystem inflammatory syndrome in adults (MIS-A) and children
(MIS-C) (14-18). Despite clinical observations of long-term sequelae, the nature of persistent molecular
and cellular changes following COVID-19 are poorly understood.

Recent studies have established that innate immune cells and their progenitors can maintain durable
epigenetic memory of previous infectious or inflammatory encounters, thereby altering innate immune
equilibrium and responses to subsequent challenges (/9). This innate immune memory, also termed
trained immunity, has been attributed largely to persistent chromatin alterations that modify the type and
scope of responsiveness of the cells that harbor them, including long-lived innate immune cells (20),
epithelial stem cells (27), and self-renewing hematopoietic progenitors (22) and their mature progeny cells
(23—-28). While innate immune memory phenotypes have been well-studied with in vivo mouse models,
the breadth, relevance, and molecular features of such phenotypes in humans have been more elusive.

A paradox of innate immune memory has been that many of the innate immune cells that retain durable
alterations are themselves short-lived (29). Several recent studies in mice have provided a partial
explanation of this paradox, revealing that hematopoietic stem and progenitor cells (HSPC) can be durably
altered and epigenetically reprogrammed to persistently convey inflammatory memory to mature progeny
cells with altered phenotypes, sometimes termed central trained immunity (9, 20, 22, 26, 30). Molecular
features of such phenotypes in humans have focused on innate immune and hematopoietic progenitor cell
alterations following administration of the tuberculosis vaccine Bacillus Calmette-Guérin (BCG) (23-28,
31), an area of intrigue since protection to heterologous (non-tuberculous) infections post-BCG
vaccination were historically observed (32—34). The complexities of studying human HSPC, especially in
the context of large, cohort-level infectious disease studies, have limited our understanding of this type of
hematopoietic progenitor cell-based memory.

HSPC are long-lived self-renewing precursors to diverse mature immune cells. Thus, HSPC are endowed
with the unique potential to serve as reservoirs of post-inflammation epigenetic memory and retain
programs that drive altered hematopoiesis and phenotypes in innate immune cell progeny. Based on these
characteristics and on the inflammatory features of COVID-19, we hypothesized that exposure of HSPC
to inflammatory signaling events during COVID-19 may result in epigenetic memory and persisting
altered phenotypes following COVID-19. This may be especially true following severe COVID-19, which
is characterized by sustained fever, elevated inflammatory cytokines and chemokines, immune
complement activity, and tissue damage (35—4/). Understanding the long-lasting effects of COVID-19-
associated inflammation on hematopoiesis and innate immune memory is relevant for the hundreds of
millions of people worldwide who have recovered from COVID-19 and especially the millions that still
experience COVID-19 associated symptoms. The long-term clinical sequelae of COVID-19 (“long-
haulers,” “long-COVID,” post-acute sequelae of SARS-CoV-2 infection or PASC) (11, 13), particularly
among those admitted to the ICU (42), suggests that persistent changes or alterations in immune activity
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may play a role. Furthermore, the etiology of incomplete recovery after critical illnesses is poorly
understood, and it is possible that lasting alterations in immune cells and their inflammatory response
programs contribute to incomplete recovery and post-ICU syndrome (PICS) (43).

In this study, we identify epigenetic innate immune memory that results from SARS-CoV-2 infection by
characterizing the molecular features of the post-infection period (2 to 12 months after the start of mild
and severe COVID-19). We focus on comprehensive analyses of alterations in chromatin and transcription
at the single-cell level in monocytes and their HSPC progenitors. In order to study HSPC in-depth, at
single-cell resolution, we developed a new workflow to enrich and profile rare hematopoietic stem and
progenitor cells from peripheral blood, termed Peripheral Blood Mononuclear Cell analysis with
Progenitor Input Enrichment (PBMC-PIE). PBMC-PIE addresses the challenge in access to HSPC
(generally acquired through bone marrow aspirate), a limitation that has severely hindered the study of
altered hematopoiesis and innate immune memory in the context of human infection and disease. We
paired PBMC-PIE with single-nuclei combined RNA-sequencing (RNA-seq) and assay for transposase-
accessible chromatin (snRNA/ATAC-seq). This approach revealed a high-resolution transcriptomic and
chromatin accessibility map of diverse HSPC subsets and PBMC in a unique cohort of convalescent
COVID-19 study participants, including mild (non-hospitalized) and severe (S, requiring intensive care
unit (ICU) admission) convalescent COVID-19 patients, following acute SARS-CoV-2 infection from
months (2-4mo, early convalescence) to a year (4-12mo, late convalescence). We compared these cohorts
to healthy participants and also to participants recovering from non-COVID-19 critical illness (nonCoV;
patients requiring ICU admission) in order to identify features common among patients recovering from
critical illness and also unique to patients recovering from severe COVID-19. To complement this deep
characterization of HSPC and PBMC from convalescent COVID-19 study participants, we also profiled
(1) plasma proteins, by liquid chromatography-mass spectrometry (LC-MS); (ii)) SARS-CoV-2 antibody
quantity and quality; (iii) circulating cytokines/chemokines; and (iv) progenitor and PBMC populations,
by flow cytometry. Thus, the study was designed to understand the molecular features of recovery for a
range of SARS-CoV-2 infection severity over a period of months to one year, with the inclusion of
uninfected individuals and also non-COVID-19 critical illness as an important control group.

We reveal the persistence of epigenetic and transcription programs in HSPC and monocytes following
severe disease that are indicative of an altered innate immune responsiveness. These included durable
epigenetic memory linked to inflammatory programs, neutrophil differentiation, and monocyte
phenotypes. Further, following mild COVID-19, we uncover a months-long, active, interferon regulatory
factor/signal transducer and activator of transcription (IRF/STAT)-driven, anti-viral signature in
monocytes (with matching programs in HSPC progenitors), indicative of a state of antiviral vigilance (44).
This highlights the potential for acute viral infection to drive a durable program of HSPC origin that is
conveyed through to progeny monocytes to mediate a heightened anti-viral response program, with
potential implications for heterologous protection and resilience to seasonal infections.

Results:

Cohort Characterization, Plasma Analysis, and HSPC Enrichment

We studied molecular features of immune cells from convalescent COVID-19 patients with varying
disease severities (mild and severe), compared with those of 1) healthy participants (n=47) and ii) study
participants recovering from non-COVID-19-related critical illness (due to either infectious or non-
infectious non-COVID-19 disease, “nonCoV,” n=25). Our convalescent COVID-19 cohort included both
mild (“M,” non-hospitalized, WHO score 1-2; n=25) and severe (“S,” WHO score 6-7, requiring ICU
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admission; n=87) study participants. To study the durability of molecular features of immune cells, we
collected samples between 2 to 4 months following the onset of symptoms (S:2-4mo and M:2-4mo),
termed “early convalescence,” or between 4 to 12 months post-acute (S:4-12mo and M:4-12mo), termed
“late convalescence.” Healthy donors (symptom-free and seronegative) were enrolled with consideration
to age, sex, and comorbidity to match COVID-19 groups (demographic and clinical information, table S1,
data S1). Since study participants were enrolled at Weill Cornell New York Presbyterian Hospital during
the initial wave of infections in New York City (spring through winter of 2020), their infections were
likely wildtype/non-variant SARS-CoV-2, and none were administered COVID-19 vaccines. To
comprehensively study immune cells of these cohorts, including HSPC, we established a multimodal assay
and analysis workflow for deep characterization of cellular and molecular features of immune cells in the
post-infection period and across a range of disease cohorts (Fig. 1A, fig. S2A).

Plasma analysis included SARS-CoV-2 receptor-binding domain (RBD) spike-specific antibody levels,
surrogate neutralizing antibody activities, and antibody avidity; 18-plex cytokine and chemokine
quantification (Luminex); and unbiased LC/MS-based mapping of plasma proteins. These data and their
analyses uncovered plasma factors that persist for months post-acute SARS-CoV-2 infection (fig. S1B-
(), and also expected antibody dynamics, with increased quality and durability of antibody responses in
those with severe disease (fig. S1A). No sustained alterations in plasma factors (i.e., proteins or
cytokines/chemokines from LC/MS and Luminex analysis) were observed in mild post-COVID-19 (M:2-
4mo and M:4-12mo, fig. S1B-C) compared to healthy study participants. In contrast, we observed a
persistent and distinctive active plasma response featuring inflammatory cytokines (IL-6, IL-8) (fig. S1C),
immune complement (C1QA, CIR, C3, C4A), and vascular response factors (SAA1, ORMI, LBP,
fibrinogen- FGG/FGA, LRG1) in early convalescent severe COVID-19 study participants (S:2-4mo) (fig.
S1B). Levels of acute-phase proteins and platelet factors were elevated in both S:2-4mo and nonCoV,
compared to healthy study participants (fig. S1B). These data establish the presence of a months-long
activation of immune complement and vascular response factors that could contribute to post-COVID-19
sequelae (fig. S1B-C and Supplementary text). Importantly, in late convalescence following severe
COVID-19 (S:4-12mo), there were no significant alterations in plasma factors by LC/MS compared to
healthy donors, indicating a full resolution of the active plasma response and overt inflammation at the
protein level (fig. SIB). This suggests that any persistent changes in cellular composition or phenotypes
in late convalescence of study participants with severe COVID-19 are independent of an ongoing and
active inflammatory program and hence point to epigenetic mechanisms behind prolonged effects of
COVID-19.

To overcome the challenges of obtaining HSPC to study hematopoiesis and central trained immunity in
human cohorts, we developed an experimental workflow to enrich for HSPC, enabling their in-depth study
paired with the mature immune cell populations from the same donor, termed Peripheral Blood
Mononuclear Cell analysis with Progenitor Input Enrichment (PBMC-PIE). Rare circulating CD34"
HSPC (~0.05% of PBMCs) were enriched by sequential antibody-conjugated bead-based enrichment and
FACS sorting from PBMCs and “spiked” into sorted PBMCs from the same donor at an approximate ratio
of 1:10, a 200-fold enrichment of their original frequency. This approach is particularly suitable for single-
cell profiling; we profiled PBMC-PIE samples from a subset of our cohort (n=32) using single-cell
transcriptomic and epigenomic assays. These genomic profiles were complemented by additional bulk
ATAC-seq profiling of sorted CD14" monocytes (total of 27, all groups) and peripheral CD34" HSPC
(total of 13, all groups) to increase our detection power for differential analyses (Fig. 1A, right; data S1-
2).
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Fig. 1. Deep characterization of hematopoietic stem and progenitor cells (HSPC) from peripheral blood reveals
sustained alterations in hematopoiesis post-COVID-19.

(A) Study overview depicting cohort design, workflow, and summary table of samples used for different analyses. Cohort
definitions and abbreviations listed on bottom right. (B) Schema for analysis of peripheral blood mononuclear cells with
progenitor input enrichment (PBMC-PIE) followed by single-nuclei combined RNA/ATAC (snRNA/ATAC) analysis and
UMAP visualizations for snRNA-seq (RNA), snATAC-seq (ATAC), and weighted nearest neighbor (WNN). (C) UMAP
visualizations of HSPC with annotations based on expression of manually curated marker genes for HSPC subsets (left) and
with annotation guided by ATAC-seq data from sorted human bone marrow HSPC subsets (right) (48). Inset on right shows
expression density for CD164, a marker gene of early HSC. (D) Dot plot of expression of select markers in each HSPC
subcluster. Colors and sizes of dots indicate the average expression of and percent of cells expressing the indicated gene,
respectively, in each HSPC subcluster. (E) Examples of chromatin accessibility measured by ATAC-seq at HSPC subcluster-
marker gene loci: GATAI (Ery, MEP); CSF3R (neutrophil progenitors); CRHBP (HSC/MPP). (F) Bar plot showing percent of
neutrophil progenitors (left) and HSCMPP (right) among total HSPC in individuals within the indicated cohorts, Adjacent are
paired UMAP density plots of neutrophil progenitors (left) and HSC/MPP (right) for each cohort. (*p<0.05, t-test, Healthy
group as a reference) (G) HSC/MPP cells highlighted in red among HSPC cells (grey) on UMAP space. (H) Expression of
genes associated with neutrophil migration (GO:1990266) and myeloid differentiation (GO:0030099) in the HSC/MPP
cluster. (I) CSFIR expression in HSPC projected on UMAP space. (J) GO analysis of differentially upregulated genes in HSC-
MPP of S:2-4mo and S:4-12mo compared to the healthy cohort.

*B cells (B), CD14+ monocytes (CD14 M.), CD16+ monocytes (CD16 M.), CD4+ T cells (CD4), CD8+ T cells (CDS),
dendritic cell (DC), hematopoietic stem and progenitor cells (HSPC), natural killer cells (NK), plasma B cells (PC),
plasmacytoid dendritic cells (pDC), erythroid progenitor cells (Ery), neutrophil progenitor cells (Neut. Pro.), basophil-
eosinophil-mast cell progenitor cells (BEM), lymphoid-primed multipotent progenitor cells (LMPP), megakaryocyte-erythroid
progenitor cells (MEP), hematopoietic stem cells/multipotent progenitor cells (HSC/MPP), common lymphoid progenitor cells
(CLP), granulocyte-macrophage progenitor cells (GMP), common myeloid progenitor cells (CMP)

Representation of diverse blood progenitors among peripheral HSPC

PBMC-PIE combined with snRNA/ATAC-seq (10X Genomics Chromium Multiome) enabled the study
of gene regulatory programs across clinical cohorts and between HSPC progenitors and their mature
progeny cells among PBMC. Combined analyses of ATAC- and RNA-seq using weighted nearest
neighbor (WNN) resulted in 10 primary clusters reflecting the major PBMC populations. Previous studies
(45—47) have reported lymphopenia and increases in neutrophils, eosinophils, proliferating lymphocytes,
and plasma B cells during acute severe COVID-19. These differences appear to mostly resolve in late
convalescence. However, increased frequencies of circulating B cells persist to late convalescence;
reduced frequencies of circulating plasmacytoid dendritic cells (pDC) were found in early convalescence;
and frequencies of circulating CD4" T cells were decreased in early convalescence (fig. S2D). While we
focus analyses on the HSPC and myeloid populations for insight into innate immune memory phenotypes,
the complete snRNA/ATAC dataset serves as a comprehensive single-cell atlas for understanding post-
COVID and post-ICU epigenomic and transcriptomic alterations in diverse immune cell types and their
progenitors.

To assess the suitability of peripheral blood CD34" HSPC from PBMC-PIE as surrogates for bone marrow
HSPC, we annotated the 28,069 HSPC from our cohort using (i) bulk ATAC-seq data from FACS-sorted
bone marrow HSPC subsets from our previous studies (Fig. 1C, right panel; fig. S3A) (48); and (ii)
scRNA-seq data from bone marrow mononuclear cells (BMMC) (fig. S3B) (49). HSPC subcluster
annotations from both bone marrow datasets (bulk ATAC-seq and scRNA-seq) were projected onto
single-cell peripheral HSPC data resulting in two alternative annotations of our HSPC subsets. The two
projections have good agreement and reveal the diversity of peripheral HSPC and their similarity to
BMMC HSPC. Importantly, early hematopoietic stem cell (HSC) and multipotent progenitor (MPP)
subsets were prominently represented among peripheral HSPC; CD164, a gene suggested as an early
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hematopoietic stem cell marker (50), was highly expressed in the HSC subcluster as defined by bulk-
ATACseq-guided annotation (Fig. 1C, right, inset; fig. S3C).

We then used an unbiased workflow to cluster our CD34" HSPC and identify differentially expressed
genes among the 12 resulting subclusters (fig. S3A). Manual curation of subclusters using marker genes
from the literature (48—50) led us to merge select subclusters resulting in six HSPC subsets with both well-
characterized and novel marker genes (Fig. 1C-D; fig. S4A, right), that manifests all major bone marrow
HSPC subsets. These HSPC subclusters were defined as hematopoietic stem cells and multipotent
progenitors (HSC/MPP), lymphoid-primed MPP (LMPP), megakaryocyte-erythroid progenitors (MEP),
erythroid progenitors (Ery), neutrophil progenitors (Neut. Pro.), and basophil-eosinophil-mast cell
progenitors (BEM) (Fig. 1C-D; fig. S4A, right). Importantly, projection of these annotations onto
snATAC-based clustering and UMAP visualization also generated distinct HSPC subclusters (fig. S3A)
and indicated that these HSPC subsets feature both distinct expression and epigenetic profiles. Recent
single-cell analysis has revealed intriguing heterogeneity among granulocyte-monocyte progenitors with
distinguishing features between BEM and neutrophil progenitors (50). In our dataset, these BEM and
neutrophil progenitor populations were clearly distinguishable, forming distinct subclusters and annotated
by characteristic marker genes. For neutrophil progenitors, these included MPO, VIM, AZUI, and
prominent neutrophil differentiation receptor, CSF3R, and for BEM, markers included HDC, LMO4,
PRG2, and IKZF2 (Fig. 1D; fig. S4A, right). Analysis of snATAC-seq revealed chromatin accessibility
profiles with selective accessibility at lineage-defining loci, for example, GATAI (Ery), CSF3R
(neutrophil progenitors), and CRHBP (HSC/MPP) (Fig. 1E).

In summary, PBMC-PIE enabled us to perform single-cell profiling of HSPC from convalescent COVID-
19, healthy donor, and non-COVID19 ICU participants, with an unprecedented level of resolution and
detail (with ~30,000 annotated HSPC), and with combined chromatin and expression analysis. Further,
our results establish that although circulating HSPC are rare, they recapitulate the diverse HSPC
subclusters conventionally studied in the bone marrow niche.

Altered hematopoiesis following COVID-19

We next explored if there were alterations in HSPC subset frequencies across COVID-19 and control
study participants. We observed increased frequencies and population shifts in HSC/MPP following
severe disease, in general, both in S:2-4mo and nonCoV (Fig. 1F, right; fig. S3G). These changes were
more significant in the post-COVID-19 cohort and pointed to an emergency hematopoiesis phenotype (i.e.,
a broad activation of HSPC subsets induced by inflammation to replenish leukocytes and mobilize an
effective response) that was consistent with the still-active pro-inflammatory plasma response (fig. S1B-
C). Flow cytometry analysis revealed similar increases in LT-HSC subsets (LinCD34"CD38 CD45RA"
CD90"CD49f") (fig. S3E), providing complementary validation of this emergency hematopoiesis
phenotype. We also observed increased frequencies of neutrophil progenitors following critical illness
(S:2-4mo and nonCoV), consistent with ongoing emergency granulopoiesis that could be a consequence
of maintained elevated plasma cytokines and acute-phase proteins, which promote neutrophil production.
Notably, this increase in neutrophil progenitors (but not BEM) persisted into late convalescence following
severe COVID-19 (S:4-12mo) (Fig. 1F, left; fig. S3F-G), despite resolution of the active plasma response
(fig. SIB-C), suggesting a durable alteration in HSPC.

To investigate features that may drive a persistent bias towards neutrophil differentiation in precursor cells
post-COVID-19, we identified genes within the HSC/MPP subcluster that were differentially expressed
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between healthy and afflicted cohorts (Fig. 1H, J). Gene ontology (GO) analysis of upregulated genes in
severe COVID-19 cohorts (both early and late convalescence) included terms linked to granulopoiesis. In
early convalescence (S:2-4mo), a still-active response to inflammation and an inflammatory response in
HSPC was detected (GO: response to cytokine/virus, type I interferon signaling, and immune system
process). In late convalescence (S:4-12mo) a granulocyte/neutrophil program was detected (GO:
neutrophil/granulocyte migration) (Fig. 1J). Among differentially expressed neutrophil differentiation-
related genes in this precursor population were S10048/49 and CSF3R (Fig. 1H). CSF3R, while a marker
for neutrophil progenitors, is also expressed early in HSC/MPP subclusters (Fig. 1H-I), and its signaling
in response to CSF3 (G-CSF) is necessary and sufficient to drive neutrophil differentiation (57). These
data suggest that persistent and increased CSF3R expression in HSC/MPP post-COVID-19 may contribute
to augmented neutrophil differentiation. Beyond the identification of post-COVID-19 features, our large
(32 subjects, 28,069 cells) single-cell dataset of diverse HSPC subsets and their annotations demonstrate
that PBMC-PIE provides the opportunity to study alterations in hematopoiesis and HSPC transcription
and epigenetic signatures in the context of health and disease states using peripheral blood specimens.

Linked chromatin-expression analysis and altered myelopoiesis following COVID-19

PBMC-PIE also provides a means of studying changes in HSPC phenotypes that may be durably
propagated by stem cell self-renewal and conveyed to progeny, including mature innate immune cells,
through differentiation. To further define post-COVID-19 HSPC phenotypes, we cumulatively compared
gene expression programs of HSPC across clinical groups (Fig. 2A-B, fig. S4B-D). This revealed that
study participants with the mild disease had few, but notable, changes during early convalescence (M:2-
4mo), including reduced expression of AP-1 complex members (FOS and JUN) and histone variant H3.3B
(H3F3B) and increased expression of interferon-stimulated genes (/FITM3, and IFI44L) and antigen
presentation related genes (HLA-C, HLA-A, CD74) (Fig. 2A, fig. S4B-D). In contrast, an ongoing
inflammatory response was apparent in early convalescent severe (S:2-4mo) and nonCoV cohorts with
the upregulation of pro-inflammatory alarmins S70048, S10049, and other important immune signaling
and transcription-regulating genes, including USP15, STATI, IRFI, and TRAF3 (Fig. 2A, fig. S4B-D).
Severe COVID-19 study participants maintained an altered HSPC program into late convalescence (S:4-
12mo), including increased expression of CSF3R, antigen presentation-related factors, and S100 genes,
and decreased expression of H3F3B, FOS, and JUN (Fig. 2A, fig. S4B-D). The loci of these
transcriptionally upregulated genes were often characterized by increased chromatin accessibility. For
example, paralleling the observed upregulation of the S7/0048 gene, chromatin accessibility around this
locus also increased post-COVID-19 (Fig. 2D-E). S10048 is an endogenous ligand for Toll-like receptor
4 (TLR4), an important proinflammatory mediator, and is upregulated in acute COVID-19 (52).
Cumulatively, these data suggest that COVID-19, and particularly severe disease, induce gene expression
changes in HSPC that last up to a year.

To aid in the discovery of genes that are regulated by disease-associated epigenetic changes, we identified
Domains of Regulatory Chromatin (DORC) (53). ATAC-seq peaks were linked to their putative target
genes in cis, based on the co-variation of chromatin accessibility and gene expression levels across
individual cells (53) (Fig. 2F). DORC represent regulators of the non-coding genome, and DORC genes
are highly enriched for genes associated with developmental programs and lineage specification and
depleted for housekeeping, metabolic, and cell-cycle associated genes (53). We detected 968 DORC from
our data, where at least 15 cis-regulated peaks were associated to each DORC/gene (fig. SSA-B). Among
prominent DORCs was one associated with the key monocyte differentiation factor, CEBPA, which was
more accessible and more highly expressed in CD14" monocytes compared to HSC/MPP (Fig. 2G). We
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took advantage of the fact that DORC-associated genes are enriched for those that regulate immune
development and clustered developmentally related HSPC, monocytes, and B cells based on the DORC
scores (fig. S5G). Single cells reliably clustered by cell type (Fig. 2H). Further, this DORC-based
clustering revealed cells that are intermediate in a state between HSPC to mature immune cell subsets,
which appeared as bridges between clusters (Fig. 2H, fig. S5G). The DORC activity of developmental
driver genes CEBPA (myeloid) and EBFI (B cell) increased from HSPC to monocytes and B cells,
respectively, across the cellular bridges, suggesting that DORC activity of single cells can capture
differentiation trajectories of distinct lineages and associated marker genes (fig. S5G-I).

We then sought to further validate DORC-based co-clustering and trajectories and to study putative
monocyte precursors and potential alterations in myelopoiesis post-COVID-19. We co-clustered HSPC
and myeloid cells (CD14" and CD16" monocytes, DC, and pDC) using DORC scores and revealed
putative trajectories. Among these, we focused on a continuous trajectory from HSPC to monocyte for
further characterization to reveal putative monocyte precursors (Fig. 2H, fig. S5J-L). Two groups of genes
defined this HSPC-monocyte trajectory based on their patterns of DORC activity: 1) those with declining
DORC activity across this pseudotime trajectory from HSPC to monocytes including marker genes for
HSC such as HLF (54) and LYL1 (55) (Fig. 21, pink HPSC module; fig. S5D); and ii) those with increasing
activity including important molecules involved in monocyte cell function such as CD14, CEBPA, SPI1,
IRF1, IRFS, and IL6 (Fig. 21, yellow myeloid module; fig. S5D). An additional module of DORCs
described lymphoid development genes that were repressed along the myeloid bridge as expected (fig.
S5D). We considered that these annotations might reflect either developmental trajectories and/or
inflammation-altered phenotypes of progenitor cells and monocytes. We, therefore, investigated
normalized frequencies of cells along this pseudotime trajectory for post-COVID-19 and nonCoV cohorts.
Consistent with HSPC gene expression analysis (Fig. 1H, J; Fig. 2A-B), we found that the late
convalescent severe (S:4-12mo) cohort had more cells constituting the HSPC-myeloid trajectory
compared to other clinical groups and healthy controls, suggesting increased myelopoiesis potential of
these study participants’ HSPC (Fig. 2K; fig. S5M, N).

Thus, PBMC-PIE paired with combined snRNA/ATAC analysis enabled detailed study of HSPC and
immune progeny cells from our cohort, including chromatin landscapes, gene expression programs, and
developmental trajectories. Further, this approach uncovered durably altered myelopoiesis following
severe COVID-19, with increased monocyte and neutrophil precursors among HSPC that persist into late
convalescence (S:4-12mo).
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Fig. 2. Durable transcriptomic and chromatin accessibility signatures and altered myeloid differention post-COVID-19.
(A) Expression level of selected genes differentially expressed in HSPC following severe COVID-19 compared to healthy
individuals (S:2-4mo and S:4-12mo compared to Healthy) across all cohorts. The genes are categorized as bar annotations
(left). (B) GO analysis of differentially upregulated genes in HSPC of early and late convalescent severe (S:2-4mo and S:4-
12mo) compared to Healthy. (C) Genome track demonstrating chromatin accessibility around S700A48 loci of HSPC across
clinical cohorts. (D) Box plot showing average gene expression of SI00AS in each sample across clinical groups. Each clinical
group was compared to Healthy (t-test, ns). (E) Average normalized chromatin accessibility in an S700A48-proximal peak
shown by reads per kilobase per million (RPKM) for each sample compared across clinical groups (t-test, *p<0.05,
*##%p<0.001). (F) Schematic describing workflow for analyzing distal regulatory elements and gene expression using single-
nuclei multiome data including domains of regulatory chromatin (DORC). ATAC-seq peaks were linked to putative target
genes in cis, based on the co-variation of chromatin accessibility and gene expression levels across individual cells (53).
Developmentally related HSPC and monocytes were then co-clustered based on DORC scores. (G) Genome track showing
chromatin accessibility of CEBPA-associated DORC in HSC/MPP and CD 14" monocytes. Curved lines (loops) above indicate
peaks with significant correlation (P<0.05). The grey bar (below gene track) represents peaks. (H) UMAP visualization of
HSPC and myeloid cell types. The line shows a subset of trajectories with starting node chosen based on high expression of
CD164 (early HSPC) and ending node selected based on first CD14" monocyte cluster after the bridge (Monocle 3 (99)) from
which we obtained a subset pseudotime for downstream analyses. (I) Heatmap showing DORC activity on pseudotime to
identify HSPC and myeloid modules. Annotations on top are colored by representation of cell types based on clusters in H (top)
and based on pseudotime analysis (just below top). (J) Line graph showing changes of DORC module scores (see methods)
across pseudotime for the HSPC module and myeloid module. (K) Line plot showing the cohort density across pseudotime.
The cohort density is defined as the frequence of cells from the indicated cohort among the 50 neighboring cells on the UMAP
plot normalized for total cells in the cohort (see methods).

Post-COVID-19 memory of interferon or inflammatory signatures in monocytes and progenitors

We next investigated whether mature circulating monocytes bear phenotypic differences as a consequence
of alterations in HSPC and myelopoiesis in COVID-19 convalescence. Altered monocyte phenotypes have
been reported during acute COVID-19, including reduced interferon responses and increased
inflammatory signatures in severe disease (9, 47, 56). We sought to examine if such characteristics persist
in convalescence. Clustering of CD14" monocytes (n=19,400 cells) based on gene expression identified
four distinct subclusters (SCO to SC3) and their associated marker genes (Fig. 3A-B, fig. S6A-C). SC2
(n=7,867) was defined by high expression of NRIP1, co-activator of NF-kB (57), NEAT or Virus Inducible
NonCoding RNA (VINC), NAMPT, and other genes annotated as enriched in GO category “response to
cytokine” (p = 4.79E-6), and was expanded specifically in both early convalescent severe (S:2-4mo) and
nonCoV cohorts (Fig. 3B-C, left). Notably, this distinct cluster of inflammatory monocytes resolved in
late convalescent severe (S:4-12mo) study participants (though partial inflammatory and migratory
macrophage programs persisted (see below, Fig. 4). In contrast to SC2, SC3 exhibited a Type-1 IFN
signature (IFN"¢") including genes such as MX1, MX2, IFI44, or IFI44L (annotated as “type I interferon
signaling pathway,” p=2.77E-9 and “defense response to virus,” p=4.73E-22) and was specifically
expanded within early convalescent mild study participants (M:2-4mo) (Fig. 3B-D, right). Mild disease-
associated anti-viral SC3 monocytes also contracted in late convalescence (Fig. 3B, right). These
observations are in line with previous studies associating acute mild cases of COVID-19 with strong
activation of anti-viral programs, whereas severe cases were more linked to the induction of pro-
inflammatory programs (4, 7). Notably, our study reveals the longevity of these phenotypes during the
convalescent period.

Given the short half-life of circulating monocytes (29) we looked for a continued and active influence that
underlies these persisting monocyte phenotypes months after acute infection. The persistence of an active
plasma response in the S:2-4mo cohort (fig. S1B-C) could contribute to the transcriptional changes
observed in these participants’ monocytes. However, no active plasma response was detected in the M:2-
4mo cohort. (fig. SIB-C) Therefore, we hypothesized that inflammatory signaling present early in the
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disease process and resulting epigenetic memory in HSPC is conveyed to monocyte progeny for the 2-4
month period post-acute COVID-19 (or ICU). To assess if HSPC exhibited disease-associated phenotypes
(similar to those for CD14* monocytes), we investigated the expression of SC2 and SC3 defining genes
within HSPC (n=28,069). Indeed, we found that S:2-4mo HSPC had a matching differential expression of
severe/SC2 genes from our monocyte analysis (Fig. 3D, left). NFKB1 and MAPKAPK? are two examples
of inflammatory monocyte genes that also have matched upregulation in HSPC, particularly in S:2-4mo
(Fig 3E, left panel). These genes feature expression patterns in monocytes that project directly onto, and
are generally restricted to, inflammatory SC2 (Fig. 3E left; fig. S6D).

Similarly, M:2-4mo HSPC have matching differential expression of mild/SC3 genes (Fig. 3D, right; fig.
S6E). MXI and PARPI4, both interferon-stimulated genes (ISG) and anti-viral factors, had elevated
expression in both HSPC and monocytes from M:2-4mo participants and were expressed specifically by
the IFNMe" SC3 monocytes as well as in nonCov (Fig. 3E, right; fig. S6E).

These data establish that COVID-19 durably reprograms HSPC transcriptomes, with discrete signatures
for mild and severe disease, and with concordant transcriptional changes also detected in progeny
monocytes. These changes include the activation of either anti-viral programs in mild COVID-19 or pro-
inflammatory programs in severe disease, in both HSPC and monocytes. Notably, the activation of pro-
inflammatory programs in HSPC was most prominent in severe COVID-19 (S:2-4mo) and was not
observed to the same extent in non-COVID-19 ICU controls (nonCoV). Finally, these active months-long
post-COVID-19 programs that drive discrete monocyte subsets generally resolve over time in both mild
and severe diseases.

Fig. 3. Anti-viral and inflammatory programs define months-long monocyte memory following severe disease.

(A) UMAP visualization of CD14" monocytes with sub-clusters . ub-cluster2 (SC2, post-severe-enriched) and sub-cluster3
(SC3, post-mild-enriched) are highlighted in blue and green, on the left and right, respectively.

(B) Heatmap representing the scaled expression values of the top 15 genes defining SC2 (in blue) and SC3 (in green).

(C) Top three enriched GO categories from the top SC2 and SC3 marker genes.

(D) Heatmap showing expression of SC2 and SC3 marker genes across the clinical cohorts in both HSPC (left panels) and
CD14" monocytes (right panels). Bar annotations indicate which genes are significantly differentially expressed (P<0.05)
compared to HD.

(E) Box plots presenting gene expression of selected SC2- (NKFBI and MAPKAPK?) or SC3- (MXI and PARPI14) specific
genes in individual samples grouped by clinical cohorts for HSPC (left panel) and CD14" monocytes (right panel). The
expression level was projected on the UMAP. (*p<0.05, **P<0.01, t-test, Healthy group as a reference)
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Altered chromatin accessibility and durable epigenetic memory following COVID-19

To increase our power to detect epigenetic reprogramming of HSPC and progeny monocytes post-
COVID-19, we analyzed additional samples in each cohort by bulk ATAC-seq on FACS sorted CD34"
HSPC (n=13) and CD14" monocytes (n=27) (Fig. 1A, data S1-2). These additional data were integrated
with the pseudobulk ATAC profiles from single-cell data for the corresponding cell types (n=32) for
differential peak analysis among clinical groups that benefit from increased sample numbers (and
complements DORC analysis). After peak calling and quality control, we identified differentially
accessible regions (DAR) for both HSPC (n=263) and monocytes (n=9763) between disease cohorts (S:2-
4mo, S:4-12mo, M:2-4mo, and nonCoV) and healthy controls as well as between S:2-4mo and nonCoV
cohorts (data S1-2). Principal component analysis (PCA) of HSPC and monocyte ATAC-seq samples
using DAR (Fig. 4A) highlighted consistent and significant epigenetic reprogramming associated with
disease status in our cohort. PCA representation also confirmed that bulk and pseudobulk ATAC-seq
samples were integrated well and clustered by cohort (Fig. 4A).

Disease-associated ATAC-seq peaks (9763 peaks in monocytes and 263 peaks in HPSCs) clustered into
four major groups based on their accessibility profiles across all clinical cohorts (Fig. 4B-C). Overall, both
in HSPC and monocytes, we observed that epigenetic changes are the most significant for the S:2-4mo
cohort when compared to the healthy cohort, with mild COVID-19 (M:2-4mo) and nonCoV cohorts
typically exhibiting similar epigenetic changes but with reduced magnitudes compared to severe COVID-
19. Among the four HSPC peak clusters (Fig. 4B-C), we focused our attention on clusters where epigenetic
activation is observed in both mild and severe COVID-19 participants (HSPC cluster 2 and HSPC cluster
4). HSPC cluster 2 contained peaks with COVID-19 specific accessibility (present in both early-
convalescent mild and severe study participants) that persisted into late convalescence but was largely
absent in the nonCoV cohort. These peaks were associated with genes that could influence immune cell
phenotypes, including /F16, SOCS3, LDLR, and DOTIL. Cluster 4 was composed of peaks that are more
accessible in both S:2-4mo and nonCoV cohorts and were associated with pro-inflammatory molecules,
including ILS8, S100A412, IL4R, and HLA-E (Fig. 4C). While over time, many transcriptional changes
resolved, notable epigenetic changes associated with disease persisted, suggesting that the epigenetic
reprogramming at some loci in HPSC is longer lasting than the transcriptional signatures of the disease
(Fig 4B-C).

Similarly, we detected four major clusters among disease-associated monocyte peaks (Fig. 4B-C). CD14*
monocyte Cluster 2 was observed in participants with severe disease (nonCOV and S:2-4mo) and featured
an epigenetic activation signature, including pro-inflammatory molecules, dual-specificity phosphatase
(DUSP) family phosphatases, several S1I00A factors, CASP9, IRF1/8, ILS, and cytokine receptors /L4R,
and /L6R (associated with activated macrophage phenotypes) (58). Interestingly, this pro-inflammatory
epigenetic signature was generally absent in mild COVID-19 and was resolved in late convalescence in
participants with severe disease (S:4-12mo cohort). In contrast, another epigenetic activation signature in
CD14" monocytes was increased in both S:2-4mo and nonCoV cohorts and persisted into late
convalescence (S:4-12mo) (Cluster 4) (Fig. 4B). This cluster included chemokines and chemokine
receptors, inflammatory S/00A factors, ILIRI, TLR4, CASP1/S8, as well as GATA4/5/6, JAK1/2, anti-
inflammatory /L0, and several KLF transcription factors. Given the resolution of an active inflammatory
response at the protein level in plasma in late convalescence (fig. S1B-C) and the short life-span of
circulating monocytes (29), these persistent epigenetic changes could derive from HSPC intrinsic memory,
durable changes in the HSPC environment (niche), or undetected changes in circulating factors. Examples
of differentially accessible regions reveal distinct classes of epigenetic changes that occur post-COVID-
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19, including (i) transient peaks associated with early convalescence that return to baseline in late
convalescence (e.g., LDLR, TNFAIP3, ILI7RA, ILIRI); persistent peaks that remain altered in late
convalescence (e.g., ILS, IL10, OASL); repressed peaks (often persistent; e.g., DUSPI, ILIR1); and other
peaks with shared characteristics across both HSPC and monocytes such as the positively regulated
TNFRSF13B (TACI) peak and the repressed RUNXI peak (Fig. 4D). Importantly, a number of interferon
response genes, including /F16, IFITM3, and OASL, were epigenetically active in late convalescence (S:4-
12mo), yet corresponding gene expression changes were not detected (Fig. 3D, fig. S6E) suggestive of a
poised epigenetic interferon program associated with severe COVID-19 (Fig. 4; see Fig. 5, below).

To study the relationship between epigenetic and transcriptional changes in disease, we plotted COVID-
19 associated gene expression changes versus changes in chromatin accessibility at cis-regulatory
elements annotated to those genes based on our DORC analysis (Fig. 2F, fig. S5). This analysis highlighted
a general correlation between chromatin accessibility and gene expression, with both measurements
increasing or decreasing together for most genes. However, a subset of genes was characterized by altered
chromatin accessibility in the absence of gene expression changes representing putatively poised or
repressed genes (fig. STA-B). Among these, SOCS! (suppressor of cytokine signaling 1), a negative
feedback regulator of JAK1/2 and TLR signaling, was poised (3~5-fold increased DORC score in the
absence of differential gene expression) in both HSPC and monocytes in late convalescence (S:4-12mo)
(fig. S7A, right). These putatively poised genes identified from DORC analysis together with extensive
differential chromatin accessibility in post-COVID-19 cohorts (i.e., monocyte Cluster 4, Fig. 4B-C)
highlights that COVID-19 may epigenetically tune future inflammatory responses in addition to driving
chromatin changes linked to active transcription programs.

We next focused on genes that were positively regulated (increased gene expression and DORC activity)
in association with recovery from severe COVID-19 either transiently (i.e., only observed in S:2-4mo, Fig.
4E, left) or persistently (i.e., observed in S:4-12mo, Fig. 4E, right). Several genes in this positively
regulated category relate to immune cell migration and activation, including CD97, CCR7, S100412,
CCL4, CCL5, and IL7R. One gene with persistent epigenetic and transcriptional changes in both HSPC
and monocytes in late convalescence (S:4-12mo) is ADGRES (CD97) (Fig. 4E, right two), an adhesion
GPCR factor that guides myeloid cell migration and activity in inflamed tissues, is critical for protection
from pneumococcal pneumonia, and required for optimal neutrophil recruitment and production of TNFa
and IL-1p in infected lungs (59). Further, CD97 expression on macrophages directs infiltration and activity
to the synovial tissue in theumatoid arthritis (RA) (60) and drives pathogenesis in mouse models of RA
(61, 62). A major ligand for CD97 is CD55, which protects from complement-mediated damage, of
interest given extensive and months-long complement activity in COVID-19 (fig. S1B). CD97/CD55
interactions are elevated in multiple sclerosis and suggested to contribute to the inflammatory process (63).
We note that the complement activated regulator of cell cycle (RGCC) had elevated DORC activity and
RNA in monocytes of early convalescent study participants (S:2-4mo). Thus, complement-driven
induction of RGCC may contribute to proliferative and altered hematopoiesis phenotypes in early
convalescence (64).

Durable changes post-COVID-19 could also augment the ability of cells to recruit other cells to sites of
inflammation via the chemokines CCL4 and CCL5. DORC activity and RNA were elevated for CCL4 (in
both HSPC and monocytes) and CCL5 (in monocytes) in late convalescence (S:4-12mo) (Fig. 4B-C). The
inflammatory, antimicrobial S7/00412 gene had increased DORC activity and RNA expression in
monocytes both in early and late convalescence (S:2-4mo and S:4-12mo). Further, in late convalescent
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monocytes (S:4-12mo), several genes characteristic of a persisting inflammatory monocyte program had
both increased DORC activity and gene expression, including CCR7, CCL4, CCL5, IL2RB, and IL7R.
IL7R and IL2RB were also epigenetically and transcriptionally activated in HSPC in late convalescence
(S:4-12mo), suggestive of progenitor-progeny inheritance (Fig. 4E). IL7R is induced upon activation of
CD14" monocytes, regulates lung and tissue macrophage differentiation, and is a general feature of acute
severe COVID-19 (65—67). Further, monocyte expression of /L7R is strongly influenced by an
autoimmune /L7R polymorphism (68), indicating myeloid-specific epigenetic regulation of the locus.
Thus, progenitor and monocyte upregulation of these inflammatory and migratory behavior promoting
factors post-COVID-19 are suggestive of important and distinct post-infection phenotypes and warrant
further study.

We then focused on genes that were repressed both in terms of gene expression and chromatin activity.
Downregulated genes in late convalescence (S:4-12mo) featured critical negative feedback regulators of
inflammation, NFKBIA, and DUSP1 (69, 70). In late convalescence, both in HSPC and monocytes,
NFKBIA was among the most repressed genes (RNA and DORC). While repressed in late convalescence,
inflammation-induced genes NFKBIA and negative regulator of NFkB, TNFAIP3 (A20) (69, 70), were
induced in early convalescence, likely by ongoing inflammatory signals (Fig. 4E). Highlighting the
importance of NFKBIA-mediated negative feedback, a previous study using a model of the autoimmune
disease Sjogren's syndrome (induced by introduction of a human mutation of the NFxB motif within the
NFKBIA gene promoter) established that reduced transcription of NFKBIA in response to NFxB pathway
activation is causal in chronic inflammation (77). Repression (reduced RNA and DORC activity) of
DUSPI (MKP]) is notable given its central role as a JNK/p38 phosphatase also induced by inflammation
and critical for negative feedback of the inflammatory response, especially of TNFa (Fig. 4E) (72, 73).
Thus, two potent negative regulators of inflammation are durably downregulated post-severe-COVID-19
in both HSPC and their progeny monocytes, suggesting a potential mechanism for defective control of
inflammation.

Among the most significant and consistent changes from the combined DORC/RNA analysis was the
epigenetic and transcriptional repression of AP-1 transcription factor (TF) family members post-COVID-
19. Among these, JUN was uniformly repressed, most prominently in HSPC, and JUNB, FOSB, and
FOSL2 were repressed in monocytes (Fig. 4E). AP-1 is critical in the regulation of the transcription
response to MAPK activity, downstream of diverse cytokine receptors, TLR, and activating signals. Thus,
with AP-1 TF activity a hallmark of inflammatory signaling and programming, repression of AP-1 factors
themselves post-COVID-19 could represent a potent negative feedback program of inflammation.

Fig. 4. Durable epigenetic memory post-COVID-19 in HSPC and monocytes. (A) PCA of bulk ATAC-seq data of CD34'
HSPC and CD14" monocytes (circles) plotted together with pseudobulk ATAC-seq data for both cell types from single-nuclei
ATAC-seq data are included (triangles). (B) Heatmap of differentially accessible regions in HSPC (left) and CD14" monocytes
(right) clustered by pattern across groups. (C) Violin plots for peaks in select clusters of the heatmaps in (B), labeled with
inflammatory genes as examples.

(D) Genome tracks of individual chromatin accessible regions with persistent, transient or repressed changes across groups
(Healthy, outline; S2-4mo, red; S4-12mo, yellow; nonCoV, dark blue) in HSPC and CD14" monocytes. Genome track was
generated using SparK (//70) with aggregated pseudobulk ATAC-seq data. (E) Correlation of fold changes of gene expression
and difference of DORC accessibility between late convalescent severe and healthy cohorts in HSPC and CD14" monocytes.
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AP-1 and IRF activity define post-COVID-19 memory in HSPC and monocytes

Negative regulation of AP-1 TF expression and activity was recently described to characterize a program
of “innate refractoriness,” or dampened inflammatory gene transcription, in response to influenza
vaccination (73). Remarkably, the epigenetic features associated with innate refractoriness persisted for
up to 6 months. It was speculated that HSPC propagated the program to short-lived progeny monocytes.
Our observations of negative epigenetic and transcriptional regulation of AP-1 family members JUN,
JUNB, FOSB, and FOSL?2 post-COVID-19 in both HSPC and monocytes (Fig. 4E) reveal the capacity for
establishment and persistence of an AP-1 negative feedback program in HSPC following COVID-19
disease. Further, the epigenetic memory in HSPC that we describe (Fig. 4) provides an example of a
program passed from progenitors to progeny monocytes that could explain persistent phenotypes beyond
the lifespan of circulating monocytes following COVID-19 (as shown in this study) and following
influenza vaccination (44).

We profiled the expression of several AP-1 factors across clinical cohorts and observed that there was
decreased expression in both HSPC and monocytes following COVID-19 (Fig. 5A, fig. S8), including
downregulation of JUN and FOS in monocytes. An exception was a switch in AP-1 family member
expression in HSPC in early convalescence (S:2-4mo) (decreased JUN, ATF 3, but increased JUND, ATF2,
ATF6), which might result from ongoing signaling events driven by inflammation and associated
emergency hematopoiesis. However, by late convalescence (S:4-12mo), the expression of several AP-1
family members was diminished both in HSPC and monocytes (Fig. 5A, and fig. S8). Next, we asked if
this reduced AP-1 expression post-COVID-19 translated into a significant decrease in their binding to
chromatin. First, we identified footprints— TF chromatin binding events inferred by TF-mediated steric
occlusion of chromatin accessibility-defining Tn5 enzyme activity and protection of the DNA motif site—
for different TFs using HINT (83) and compared the accessibility at these footprints across different
clinical conditions. This analysis revealed higher activity of FOS:JUN TFs in the S:2-4mo cohort that is
reduced over time (i.e., in late convalescent severe, S:4-12mo). Intriguingly, this increased accessibility
was more prominent following COVID-19 and not observed to the same extent in nonCoV (Fig. 5B).
Second, by identifying global chromatin accessibility at TF binding sites using ChromVAR (84), we
observed that chromatin accessibility around binding sites of AP-1 complex members— particularly TFs
from the JUN and FOS families— are increased in early convalescence (S:2-4mo) followed by decreased
activity in late convalescence (S:4-12) (Fig. 5C, Fig. S9A). Together, these data point to a transient
increase in AP-1 binding activity in early convalescence following COVID-19, followed by a decrease in
late convalescence (S:4-12mo), both in HSPC and monocytes. Ongoing inflammatory signaling early
following severe disease (S:2-4mo) is likely responsible for transient increases in AP-1 activity, while
negative regulation of AP-1 family gene expression likely underlies the reduced activity observed in late
convalescence (S:4-12mo). We suggest that these features of AP-1 factor repression and reduced steady-
state chromatin binding are analogous to a state of innate immune refractoriness upon influenza
vaccination (44). Beyond characterization of this state in post-COVID-19 monocytes, we also show that
HSPC share this signature following COVID-19 and are the likely origin of its persistence in progeny
monocytes.

We initially focused on AP-1 chromatin binding and its significance due to our identification of the
prominent repression of AP-1 TFs. We next sought to identify, through footprint and motif accessibility
analyses, other TFs with important roles in epigenetic programs following COVID-19. We surveyed TF
activity associated with other inflammatory and anti-viral programs, including additional AP-1 members,
interferon response factors (IRFs), STAT family, and NFkB members, that include critical mediators of

16


https://doi.org/10.1101/2022.02.09.479588
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.09.479588; this version posted February 10, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

signaling from the cytokine, TLR, and interferon receptors (IFNR). In contrast to AP-1 activity, chromatin
accessibility at IRF motifs not only increased in early convalescence (S:2-4mo) but persisted into late
convalescence (S:4-12mo) in both HSPC and monocytes. An exception to this pattern is decreased IRF1
activity in both early and late convalescence (S:2-4mo, S:4-12mo) (Fig. 5C-D).

To link these alterations in TF activity to meaningful gene targets, we associated TF footprints using HINT
(83) to proximal genes and performed gene module enrichment analysis (Methods). As expected, we
found that IRF target genes in both HSPC and monocytes were enriched in interferon-inducible genes
across all clinical cohorts (Fig. SE). Surprisingly, we also observed enrichment of inflammatory genes at
sites of IRF activity, selectively in early post-COVID and post-ICU cohorts (S:2-3mo, nonCoV),
suggesting that both COVID-19 and critical illness, in general, might be altering IRF binding activity and
target genes (Fig. 5F). In addition, AP-1 family members displayed matching enrichment for inflammatory
gene sets in the same cohorts (S:2-4mo and nonCoV) (Fig. 5G). Thus, a baseline IRF program targeting
interferon-regulated genes appears to be redirected to inflammatory genes by inflammation-associated
AP-1 activity. Consistent with a resolution of active inflammation in late convalescence (S:4-12mo) and
AP-1 negative feedback (Fig. 5A-C), we observed a decrease in AP-1 chromatin binding activity and loss
of inflammatory gene targeting by both AP-1 and IRF family members (Fig. SF-G, yellow column), while
ISG targeting by IRF factors was maintained (Fig. SE).

To further explore the activity of AP-1 and IRF transcription factors in disease-associated monocyte
subsets, we visualized the distribution of average AP-1 and IRF family TF activity in individual cells
across the clinical cohorts. Consistent with the still-active inflammatory milieu and prevalent
inflammatory monocyte phenotypes early following severe COVID-19 (S:2-4mo) (Fig. 3, fig. SIB-C),
monocytes from this cohort featured higher distributions of AP-1 activity inferred from single cells (Fig.
5H, red distribution). AP-1 chromatin binding declined following mild disease (M:2-4mo and M:4-12mo,
green distributions) and in late convalescence (S:4-12mo, yellow) (fig. S9B), fitting with post-infection
(and post-vaccine (44)) AP-1 negative feedback. In contrast, IRF factor activity increased in mild early
convalescence (M:2-4mo), consistent with prominent interferon (rather than inflammatory) program (fig.
S9B). IRF activity also increased modestly in early and late convalescence following severe disease (S:2-
4mo and S:4-12mo), suggesting that interferon signaling is driving IRF chromatin binding but that a
competing inflammatory program results in the predominance of an inflammatory expression signature
rather than an interferon signature.

Thus, we suggest that the ratio of IRF/AP-1 chromatin binding (Fig. 5H) is critical in driving either
persisting inflammatory (low ratio, e.g., S:2-4mo) or persisting anti-viral (high ratio, e.g., M:2-4mo)
programs in monocytes following infection. Despite evidence of IRF factor chromatin binding, S:2-4mo
cohort monocytes fail to maintain the months-long interferon signature program apparent in mild (M:2-
4mo) cohort driven by high-level STAT1:STAT2 and IRF1 activity (Fig. 3, right; Fig. 5I). Instead,
prominent AP-1 and NFkB chromatin binding activity appear to direct a dominant inflammatory program
that distinguishes the S:2-4mo monocyte phenotype (Fig. 5I-J). Visualization of independent
FOS/JUN+NFkB and IRF1+STATI1:STAT2 programs across individual cells further highlights the
influence of the AP-1/NFkB program in directing transcriptional programs despite the chromatin binding
activity of IRF and STAT factors (Fig. 5J). Intriguingly, in late convalescence (S:4-12mo), following
resolution of the inflammatory monocyte program and negative feedback of AP-1, IRF factor activity
persists (Fig. 5C, H; fig. S9B). Together, these data reveal distinct, disease severity-dependent TF
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programs in HSPC and monocytes, with negative regulation of AP-1 and persisting IRF activity as
standout features of the epigenetic memory of COVID-19.
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Fig. 5. Post-COVID-19 memory in HSPC and monocytes features negative feedback of AP-1 and persistence of an
IRF/STAT anti-viral program. (A) Heatmap for gene expression of selected AP-1 family genes in HSPC and CD14'
monocytes. (B) Transcription factor JUN::FOS footprints (HINT (/09)) and boxplot for TF motif-associated chromatin
accessibility (chromVAR (712)) activity in HSPC and CD14* monocytes across cohorts. (C) Heatmap presenting the Z-score-
normalized median chromVAR (712) score for TFs in HSPC and CD14" monocytes in each clinical cohort. (D) Boxplots for
mean chromVAR score of IRF1 in HSPC and CD14" monocytes for individual samples grouped by cohorts (t-test, * p < 0.05,
Healthy as a reference). (E-G) Heatmap of gene module enrichment across cohorts for AP-1 and IRF TF families. Red shades
indicate percent enrichment of the module. White shading indicates no statistical significance in the
enrichment. (H) Histograms showing the distribution of aggregated APl and IRF TF families within each cell across
cohorts. (I) CD14" monocyte UMAP plots highlighting IFN-induced clusters (bottom) and inflammation-induced clusters (top).
Enrichment of cluster-defining TF chromatin binding (chromV AR score) projected onto the CD 14+ monocyte UMAP (right):
FOS::JUN and NFKBI1 motif enrichment for inflammation-induced cluster; STAT1::STAT2 and IRF1 for IFN-induced
cluster. (J) Scatter plots showing the ratio of aggregate chromVAR scores for combined NFKB1+ FOS::JUN (x-axis), and
combined IRF1+STAT1::STAT2 (y-axis).

Discussion

Innate immune memory in response to natural infection in humans has yet to be well characterized.
Moreover, whether and how hematopoietic stem and progenitor cells are altered in humans following
infection is poorly understood. This study explores if COVID-19 and its associated inflammatory
responses result in innate immune memory and whether these phenotypes propagate through HSPC even
after the resolution of acute infection.

Enrichment of circulating CD34" HSPC among PBMC via PBMC-PIE (PBMC analysis with progenitor
input enrichment), paired with single-cell combined ATAC/RNA analysis, enabled deep characterization
of these rare circulating CD34" HSPC cells in diverse clinical cohorts. We reveal that while rare (~0.05%
of PBMC), these cells accurately capture the diversity of bone marrow HSPC subsets. Therefore, PBMC-
PIE serves as a powerful tool to study hematopoiesis, epigenetic programming of HSPC, and the
relationship between progenitor and progeny cell types in blood without directly accessing the bone
marrow. We applied this approach to study the lasting effects of COVID-19 and critical illness on
hematopoiesis and central trained immunity concepts (20), with a unique cohort including study
participants (i) following mild COVID-19 in early (M:2-4mo) and late (M:4-12mo) convalescence; (ii)
following severe COVID-19 in early (S:2-4mo) and late (S:4-12mo) convalescence; and (iii) recovering
from non-COVID-19 related critical illness (nonCoV). With these participants, we assessed plasma factors,
SARS-CoV-2 antibodies, PBMC immunophenotypes by flow, and epigenomic and transcriptional
changes in circulating HSPC and immune cells. Notably, we show that severe disease induces long-lasting
epigenetic alterations in HSPC and their short-lived progeny, circulating monocytes.

Transcription factor activity, chromatin accessibility, and gene expression programs linked phenotypes of
post-infection HSPC and monocytes. This indicates that inflammatory signaling in progenitor cells
establishes epigenetic memory that not only persists in self-renewing stem cells but is also conveyed
through differentiation to influence progeny cell phenotypes. Our results establish a precedent for central
trained immunity following viral infection and suggest that recent observations of persistent monocyte
epigenetic memory following influenza vaccination (44) may also derive from HSPC alterations. Beyond
this epigenetic innate immune memory, we demonstrate that hematopoiesis is altered following COVID-
19, with increases in myeloid and neutrophil progenitor populations.

Potential Mechanisms Contributing to Long-term Sequelae following COVID-19
Our study design and cohort size were suitable for the detection of post-COVID-19 programs that are
commonly altered after COVID-19 and severe disease. Further studies that follow long-term outcomes
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could parse the molecular features that associate with the vast range of unexplained long-term sequelae
after severe (and sometimes mild) illness, including post-acute sequelae of SARS-CoV-2 infection (PASC)
(12, 13, 74) and post-ICU syndrome (PICS) (75).

Indeed, our findings suggest potential molecular mechanisms that may contribute to PASC and PICS,
including (i) a months-long active plasma response including complement activity, acute phase proteins,
and vascular risk factors, which, if deposited in tissues, could contribute to ongoing inflammation; (ii)
persistently activated (CCL4, CCLS5, IL7R) and tissue-migratory (CCR7) monocyte phenotypes, with
underlying HSPC epigenetic programs, that may continue to fuel inflammation and fibrosis, notably in
lung and upper respiratory mucosa; and (iii) altered hematopoiesis including increased myeloid and
especially neutrophil progenitors whose progeny may contribute to ongoing inflammation. Based upon
neutrophil stimulating CSF-3 (G-CSF) production by lung epithelium in response to SARS-CoV-2
infection (76) and persistent CSF-3R upregulation in post-COVID-19 HSPC (Fig. 1-2), we suggest that a
feedforward loop of CSF-3/CSF-3R could contribute to neutrophil driven pathology in both acute and,
due to the durability of this response, also in chronic COVID-19 disease.

Innate Immune Memory Following Mild and Severe SARS-CoV-2 Infection

One standout finding of our study is the identification of months-long altered monocyte programs
following severe, but also mild, SARS-CoV-2 infection, suggesting monocytes may also contribute to
chronic inflammation, either in affected tissues, via migratory and chemoattractant programs, or
systemically. These epigenetic programs underlie distinct CD14" monocyte phenotypes with variable
persistence depending on disease severity. Unlike mild post-COVID-19 interferon programming, the
HSPC and monocyte programs following severe COVID-19 are complex, with individual cells bearing
mixed inflammatory and interferon signatures and reduced expression of key negative feedback factors
DUSPI and NFKBIA. We show that mild (non-hospitalized) COVID-19 can result in a months-long
epigenetic and transcriptional program, characterized by prominent IRF transcription factor activity and
interferon-stimulated gene (ISG) expression (e.g., ISG15, MX1, MX2, IFI44L, IFI44, OAS3, AOAH, and
PARPI14). In contrast, CD14" monocytes of patients recovering from severe disease (2-4 months post-
acute, following discharge from the ICU) feature epigenetic and transcriptional signatures of inflammation
likely mediated by NFkB and AP-1 TFs. This active inflammatory CD14" monocyte program resolves in
late convalescence (4-12 months), though a distinct epigenetic monocyte phenotype persists, including
increased chromatin accessibility at certain chemokines (e.g., CCL2, CCL7, CCL24), chemokine receptors
(e.g., CCRI, CCR3, CCRL2),15G (e.g., IFI6, SOC3, OASL), and inflammatory genes (e.g., IL8, caspases,
S100A genes). This highlights the importance of further research to better understand functional changes
in the post-COVID-19 immune system and the clinical implications of these prolonged epigenetic
signatures of severe COVID-19 in HPSCs and their progeny.

Further, persisting alterations in HSPC and monocytes following mild and severe SARS-CoV-2 infection
suggests the possibility of months-long alterations in innate immune status as a general feature of diverse
infections. We propose that this dynamic aspect of blood development and innate immune memory could
have major implications for vaccine responses and design, understanding post-infectious inflammatory
disease, non-genetic variance in responses to infection, and the epidemiology of seasonal infections. Based
on these results, it is intriguing to speculate that acute viral infections may induce months-long anti-viral
resilience programs similar to what we describe following mild SARS-CoV-2 infection. For example, as
a corollary, the aberrantly low frequency of non-SARS-CoV-2 respiratory infections in the winter of 2020-
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2021 may have led to subsequent increased susceptibility to pathogenic viral infections and the unusual
epidemic of respiratory syncytial virus and rhinovirus in the summer of 2020 (77).

AP-1 and IRF Transcription Factor Programs Underlie Post-COVID-19 Phenotypes

How the transcriptional and epigenetic changes we observed in HSPC and monocytes following COVID-
19 might alter cell differentiation, function, and response to stimulation is a critical open question. The
molecular phenotypes of mild post-COVID-19 monocytes were very similar to those described in
monocytes following adjuvanted influenza vaccine (H5N1+AS03), which provided a degree of
heterologous anti-viral protection (Zika and Dengue) (44). Shared features of post-influenza vaccine and
post-COVID-19 monocytes include a reduced AP-1 signature and increased IRF activity (which, in the
case of COVID-19, persisted in both HSPC and monocytes). Notably, for up to one year into late
convalescence following severe COVID-19, AP-1 activity returns to, or below, baseline, as a result of
negative feedback regulation of AP-1 family members, while IRF factor activity remains elevated. Our
single-cell analyses also reveal that both reduced AP-1 and increased IRF programs can co-exist within
the same cells (Fig. 5J), raising the possibility that the persistent IRF activity following severe disease
may represent a primed rather than active anti-viral program. Indeed, IRF factors interact with BAF
complex (SWI/SNF) chromatin remodelers to maintain open or poised chromatin states and to drive active
transcription (78). IRF1 activity, which drives active inflammation-responsive interferon-stimulated gene
transcription, was reduced post-COVID-19, but several other IRF factors were increased, including IRF2
and IRF3, which have been shown to interact with the BAF complex to retain ISG in a poised state (79).
We suggest that persisting IRF chromatin binding activity post-COVID-19 could result in increased
poising and responsiveness of IRF target genes, in part through the maintenance of accessibility via IRF-
BAF complex interactions.

While our study focuses on blood cells, it is important to point out that diverse other cell types have been
demonstrated to harbor epigenetic memory (217, 80, 81). Particularly when they reside in affected tissues,
these cells may change in their frequencies, differentiation programs, and phenotypes, and also retain
epigenetic memory of anti-viral inflammation with important and enduring influence on tissue defense or
sequelae (80, §82).

Here, we present evidence of central trained immunity, in the form of epigenetic reprogramming in HSPC,
in humans following viral infection and severe illness. Importantly, enrichment of rare circulating
progenitor cells using PBMC-PIE was a critical advance enabling evaluation of hematopoietic stem and
progenitor cells together with their progeny immune cells from peripheral blood samples. Extending this
approach to diverse tissues (particularly those with resident stem and progenitor cells, e.g., intestinal
epithelium) and disorders (hematologic disease, malignancy, inflammation, and infection) can unveil
epigenetic and progenitor-based mechanisms of pathogenesis and inform therapeutic strategies and targets.
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