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A B S T R A C T   

Millions of COVID-19 patients have succumbed to respiratory and systemic inflammation. Hyperstimulation of 
toll-like receptor (TLR) signaling is a key driver of immunopathology following infection by viruses. We found 
that severely ill COVID-19 patients in the Intensive Care Unit (ICU) display hallmarks of such hyper-stimulation 
with abundant agonists of nucleic acid-sensing TLRs present in their blood and lungs. These nucleic acid- 
containing Damage and Pathogen Associated Molecular Patterns (DAMPs/PAMPs) can be depleted using 
nucleic acid-binding microfibers to limit the patient samples’ ability to hyperactivate such innate immune re-
ceptors. Single-cell RNA-sequencing revealed that CD16+ monocytes from deceased but not recovered ICU pa-
tients exhibit a TLR-tolerant phenotype and a deficient anti-viral response after ex vivo TLR stimulation. Plasma 
proteomics confirmed such myeloid hyperactivation and revealed DAMP/PAMP carrier consumption in deceased 
patients. Treatment of these COVID-19 patient samples with MnO nanoparticles effectively neutralizes TLR 
activation by the abundant nucleic acid-containing DAMPs/PAMPs present in their lungs and blood. Finally, 
MnO nanoscavenger treatment limits the ability of DAMPs/PAMPs to induce TLR tolerance in monocytes. Thus, 
treatment with microfiber- or nanoparticle-based DAMP/PAMP scavengers may prove useful for limiting SARS- 
CoV-2 induced hyperinflammation, preventing monocytic TLR tolerance, and improving outcomes in severely ill 
COVID-19 patients.   

1. Significance statement 

Unfortunately, broadly effective therapeutic options for COVID-19 
patients that require ICU-level care remain limited. To better 

understand the SARS-CoV-2 pathology, we studied blood and respira-
tory samples from COVID-19 ICU patients. We found that they suffered 
from an inflammatory storm stimulated by circulating molecules 
released by dead and dying cells called Damage and Pathogen 
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Associated Molecular Patterns (DAMPs/PAMPs). We determined that 
nucleic acid binding microfibers can deplete such nucleic acid- 
containing DAMPs/PAMPs from patient samples. Moreover, we 
observed that prolonged, high levels of DAMPs/PAMPs hyperstimulate 
monocytes leading to their exhaustion in COVID-19 patients that suc-
cumb to the disease. Finally, we show that a nanoparticle-based DAMP/ 
PAMP scavenger can neutralize such inflammatory agents present in 
critically ill patients and limit the ability of DAMPs/PAMPs to induce 
monocyte tolerance. Thus DAMP/PAMP scavengers represent thera-
peutic agents to potentially combat hyperinflammation and immune 
exhaustion in critically ill COVID-19 patients. 

2. Introduction 

Several groups have focused on characterizing and modulating hy-
peractive innate immune responses driven by sensing Damage- or 
Pathogen-Associated Molecular Patterns (DAMPs or PAMPs) released 
from dead and dying cells in a variety of disease types [1–3]. DAMPs and 
PAMPs are detected by pattern recognition receptors, such as Toll-like 
receptors (TLRs). TLRs are key innate immune sensors, several of 
which recognize nucleic acid-containing DAMPs/PAMPs to initiate 
signaling cascades and downstream immune responses [4,5]. TLR3 and 
TLR7/8 sense RNA, whereas TLR9 senses DNA and TLR4 senses 
DNA-protein complexes. Together, these nucleic acid-sensing TLRs are 
important mediators of the inflammatory response in cancer, autoim-
mune disease, and infection [5–8]. However, excessive activation of 
TLRs and their downstream signaling pathways via NFκB may 
contribute to the development and progression of lung injury and acute 
respiratory distress syndrome (ARDS) due to increased vascular 
permeability and lymphocyte and neutrophil activation [9,10]. We and 
others have previously shown that both the soluble and non-soluble fiber 
formulations of certain nucleic acid binding micro- and nano-materials 
can neutralize such DAMPs/PAMPs and prevent their activation of 
TLRs and downstream NFκB in models of lupus, rheumatoid arthritis, 
cancer, trauma, sepsis and influenza infection [11–22]. 

Infection by SARS-CoV-2 causes a broad spectrum of disease, from 
mild symptoms of upper respiratory infection to ARDS and respiratory 
failure requiring mechanical ventilation or extracorporeal membrane 
oxygenation [23–25]. Patients at the severe end of the disease spectrum, 
such as those in the intensive care unit (ICU), can quickly deteriorate 
and are at higher risk of mortality [23,25,26]. Underpinning these poor 
outcomes is a hyperinflammatory response in severely ill patients con-
current with a viral infection, which is associated with elevated levels of 
D-dimer, IL-6, lymphopenia, and neutrophilia among other laboratory 
abnormalities [24,26]. The TLR hyperstimulation we have studied and 
targeted with nano- and micro-materials in other disease types may be 
relevant to the hyperinflammatory response in COVID-19. Therefore, 
this study primarily focuses on characterizing TLR mediated inflam-
mation in patients in the ICU with COVID-19 and exploring the ability of 
nucleic acid binding materials to mitigate the negative downstream 
consequences of nucleic acid-containing DAMPs/PAMPs on TLR 
hyperstimulation. 

TLRs activated by DAMPs and PAMPs result in altered expression of 
cell surface receptors, cytokines, and chemokines. SARS-CoV-2 infection 
in ICU patients is associated with marked neutrophilia, with neutrophils 
also being a key source of DAMPs in this population of patients [27]. 
Some reports identified an increase in monocyte abundance associated 
with severe infection [28,29]. Monocytes and their subsets are key 
sensors of and responders to TLR mediated inflammation, especially 
following viral infection. Classical monocytes (i.e., CD16− CD14+

monocytes) typically represent the majority of circulating monocytes 
under healthy conditions (80–95% of total monocytes); intermediate 
(CD16+CD14+) and non-classical monocytes (CD16+CD14lo/-) 
comprise the remaining 20-5% [30,31]. CD16+ monocytes respond to 
TLR7/8-mediated inflammation, and CD16− monocytes respond to 
TLR4-mediated inflammation [31]. The relationship between 

TLR-mediated inflammation and monocyte response in COVID-19 re-
mains unexplored and is another focus of this study. 

Under normal circumstances, TLR activation results in downstream 
signaling and gene transcription so that monocytes can respond to 
infection. However, severe infection and a hyperinflammatory envi-
ronment can lead to hyperstimulation of TLRs and subsequent aberrant 
TLR downstream signaling. This persistent and aberrant downstream 
TLR signaling in the setting of hyperinflammation is referred to as TLR 
tolerance. TLR tolerance occurs when cells are repeatedly exposed to 
DAMPs and PAMPs, leading to an aberrant downstream immune 
response [15,32–36]. Under normal circumstances, the TLR signaling 
cascade activates NFκB and leads to a robust immune response. How-
ever, when immune cells, such as monocytes, are repeatedly exposed to 
TLR agonists, they become tolerant to further stimulation and cannot 
mount an effective response [15,32–36]. Previous studies have shown 
that monocytes isolated from patients with sepsis have reduced pro-
duction of IL-10, IL-1β, and IL-12 in response to LPS treatment, 
regardless of patient survival [37]. However, when monocytes were 
isolated and activated with LPS later in the course of sepsis, monocytes 
from survivors regained the ability to produce these cytokines in 
response to LPS treatment, whereas monocytes from deceased patients 
did not recover. Moreover, this cytokine dysfunction could not be 
rescued with in vitro treatment of IFN-γ. This phenotype predisposes 
these patients to subsequent bacterial infections given the importance of 
IL-10, IL-1β, and IL-12 in the resolution of inflammation [37–40]. We, 
therefore, examined if monocytic TLR tolerance occurs in COVID-19 
patients particularly in response to nucleic acid-containing DAMP-
s/PAMPs and whether nucleic acid binding nanomaterial-based thera-
pies could mitigate TLR hyperactivation by patient samples and limit 
DAMP/PAMP-induced tolerance of monocytes. 

To this end, we conducted longitudinal immune and DAMP/PAMP 
profiling of patients with COVID-19 requiring ICU-level care. We 
examined immune subsets in blood from critically ill COVID-19 patients 
using flow cytometry, reporter cell assays to measure TLR-activation 
potential, single-cell RNA-sequencing, and plasma proteomic profiling 
to assess differences between patients that survived versus those that did 
not. We observed a striking elevation of nucleic acid DAMPs/PAMPs in 
patients’ lungs and blood and thus investigated the ability of nucleic 
acid-binding micro- and nanomaterials to neutralize the excessive 
DAMPs/PAMPs. We observe that such DAMP/PAMP scavenger treat-
ment inhibits hyperinflammation and limits TLR tolerance suggesting 
that such materials may prove useful for improving outcomes of severely 
ill COVID -19 patients. 

3. Results 

3.1. Immune profiling of COVID-19 ICU patient blood reveals distinct 
monocyte subsets associated with clinical outcome 

Fresh whole blood was collected from patients at time points indi-
cated and analyzed as described in methods. Flow cytometry results 
support the trends observed in previous reports [23,24,41–47], 
including lymphopenia and neutrophilia in most patients, regardless of 
treatment with dexamethasone or clinical outcome (Fig. 1A–G). When 
comparing patient groups by dexamethasone treatment and clinical 
outcomes, no significant differences were observed in the frequency of 
CD4 and CD8 T cells, NKT cells, NK cells, basophils, or eosinophils 
(Fig. 1B–I) in the periphery. We observed that a subset of patients had 
elevated percentages of monocytes while other patients had percentages 
within the normal range (Fig. 1J). This prompted us to further examine 
this subset of cells and the canonical subpopulations of monocytes. 

Monocyte subsets are categorized by surface expression of CD16 and 
CD14. Monocytes that expressed CD16, either classified as intermediate 
monocytes (CD16+CD14+) or non-classical monocytes (CD16+CD14lo/- 
), were annotated as CD16+ monocytes [30,31]. Dexamethasone-naïve 
ICU patients that recovered from infection were distinguishable from 
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deceased patients based on the abundance of CD16+ monocytes 
(Fig. 1J-L). Patients who were dexamethasone-naive and recovered from 
infection had higher levels of CD16+ monocytes. Recovery was defined 
as discharge from the hospital or transition out of the ICU. In contrast, 
deceased patients had lower levels of CD16+ monocytes, and 
CD16− monocytes were the pre-dominant monocyte population in the 
periphery of these patients. The association between CD16+ monocyte 
abundance and positive clinical outcome in patients treated with 
dexamethasone was not statistically significant, exemplifying the potent 

immune-modulatory effects of dexamethasone. To interrogate the effect 
of COVID-19 on nascent monocyte function directly, we analyzed sam-
ples from the ICU COVID-19 patient cohort that was 
dexamethasone-naive. Regardless of the difference in CD16+ cells which 
are known to be particularly sensitive to TLR7/8 activation by 
RNA-based DAMPs/PAMPs encouraged us to evaluate the levels of such 
inflammatory nucleic acids in patient samples. 

Fig. 1. Immune cell subset profiling in the blood of recovered versus deceased COVID-19 patients in the ICU with and without dexamethasone. Data for 
immune cell subsets are presented as a percentage of total leukocytes (TL) or total monocytes (TM) on the last day of study. Gray shaded area shows the normal range 
for each immune cell subset. A. CD3+ T cell percentages are consistent with lymphopenia regardless of clinical status; (+) dexamethasone trends lower than (− ) 
dexamethasone. B. CD4+ T cell percentages are consistent with total T cells. C. CD8+ T cell percentages are consistent with CD4+ T cells and total T cells. D. NK cell 
percentages are below normal range regardless of clinical or dexamethasone status. E. NKT cell percentages are higher than normal in (− ) dexamethasone patients 
regardless of clinical status. (+) dexamethasone patients have NKT cell percentages closer to the normal range with discharged patients trending higher than 
deceased patients. F. B cell percentages are below normal ranges regardless of clinical or dexamethasone status. G. Neutrophil percentages are above normal ranges 
regardless of clinical or dexamethasone status. H. Amongst recovered patients, eosinophils are higher than normal in (− ) dexamethasone and within the normal 
range in (+) dexamethasone; this pattern is reversed amongst deceased patients. I. Basophil percentages are within normal range regardless of clinical or dexa-
methasone status. J. Total monocyte percentages are within normal range regardless of clinical or dexamethasone status. K. CD16 (− ) monocyte percentages trend 
lower in (− ) dexamethasone patients that were discharged versus those that died while CD16 (− ) monocyte percentages were roughly equivalent in (+) dexa-
methasone patients regardless of clinical outcome. L. CD16 (+) monocyte percentages are significantly higher in (− ) dexamethasone patients that were discharged 
versus those that died while CD16 (+) monocyte percentages were roughly equivalent in (+) dexamethasone patients regardless of clinical outcome. * = p < 0.05, ns 
= not significant via 2-tailed t-test; no statistically significant differences were noticed unless indicated in the figure. 
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3.2. Longitudinal profiling of serum and endotracheal aspirate (ETA) 
from COVID-19 ICU patients reveals elevated levels of DAMPs and PAMPs 
that potently activate nucleic acid-sensing TLR signaling 

To investigate the association between CD16+ monocytes, TLR 
activation and clinical outcome, we analyzed blood, plasma, and 
endotracheal aspirate (ETA) from ICU COVID-19 patients for TLR ago-
nists. Among the four TLRs tested, TLR3 and TLR7 showed the most 
consistent activation by serum across all patients and all time points 
when compared to healthy control (Fig. 2A). Since TLR3 and TLR7 are 
sensors for double-stranded and single-stranded RNA, respectively, we 
concluded that serum samples from our COVID-19 ICU cohort have 
elevated levels of pro-inflammatory RNA molecules, consistent with the 
fact that SARS-CoV-2 is an RNA virus. TLR4 and TLR9 were also acti-
vated by serum from COVID-19 ICU patients, though the level of acti-
vation was not as high as found with TLR3 and TLR7, particularly when 
viewed longitudinally (Fig. 2A). TLR4 and TLR9 are sensors of lipo-
polysaccharide (LPS) and bacterial DNA, respectively. TLR4 and TLR9 
are also activated by endogenous molecules released during cell death 
such as nucleosomes, HMGB-1, and mitochondrial DNA [48]. We also 
characterized the TLR profile of ETA from 10 COVID-19 ICU patients. 
For each TLR tested, ETA produced a 3-4-fold higher activation than 
serum from 72 COVID-19 patients (Fig. 2B). These data further highlight 
the respiratory localization of the inflammatory syndrome in patients 
critically ill with COVID-19. These results indicate that the airway re-
mains a major location of DAMP/PAMP generation and hyper-
inflammation in these patients characterized by high levels of 
inflammatory agonists that activate nucleic acid-sensing TLRs particu-
larly the RNA sensors TLR3 and TLR7/8 which are on CD16+ monocytes. 

3.3. Nucleic acid-binding microfibers can deplete DAMPs/PAMPs from 
COVID-19 ICU patient serum and ETA and limit their ability to stimulate 
TLRs and induce downstream NFκB activation 

The observation that nucleic acid-containing DAMPs/PAMPs are 
abundant in COVID-19 ICU patient samples led us to explore if such TLR 
agonists can be depleted using a nucleic acid-scavenging microfiber 
mesh. Previously we observed that such microfibers could effectively 
remove DAMPs present in the blood of trauma patient samples and limit 
such patient samples from stimulating TLRs [15]. Electrospun PSMA/-
polystyrene microfibers (average diameter 2.5 ± 0.1 μM) were gener-
ated and PEI and PAMAM-G3 were conjugated onto the 
PSMA/polystyrene mesh as previously described [15]. Treatment of 
patient samples with these nucleic acid-binding microfibers dramati-
cally decreased the activation of TLR3, TLR4, TLR7, and TLR9 by serum 
and ETA from COVID-19 patients. As shown in Fig. 3, the level of in-
hibition achieved is essentially complete, reducing levels of TLR acti-
vation to those observed with media alone (Fig. 3A–H). Thus, treatment 
with this nucleic acid-binding microfiber mesh neutralized DAMPs and 
PAMPs and prevented NFκB activation by depleting these TLR agonists 
from serum and ETA samples collected from blood and lungs of critically 
ill COVID-19 patients. 

We also quantified the ability of the nucleic acid-scavenging fibers to 
deplete DAMPs/PAMPs from patient samples. We found that treatment 
with the fibers was able to significantly deplete DNA, RNA, HMGB-1, 
and nucleosomes from both serum and ETA of COVID-19 patient sam-
ples (Fig. 3I-P). DNA and HMGB-1 are potent endogenous activators of 
TLR9 [49]. RNA is a canonical activator of TLR3 and TLR7. HMGB-1 and 
nucleosomes also potently activate TLR4. We also measured human 
serum albumin as a non-inflammatory protein control. Though albumin 
carries a net negative charge, the depletion effect by the nucleic 
acid-binding fiber is modest in serum and non-existent in ETA (Fig. 3Q, 
R). These data demonstrate that nucleic acid-containing DAMP/PAMP 
scavenger fibers can deplete a diverse array of pro-inflammatory 

Fig. 2. Longitudinal TLR activation profiling of serum and ETA from ICU patients with COVID-19 using HEK-TLR reporter cells for TLRs 3, 4, 7 and 9. A. Longitudinal 
profiling of TLR3, TLR4, TLR7 and TLR9 activation using COVID-19 patient serum shows the following: 1] strong activation of TLR3 and TLR7 by serum across all 
timepoints; 2] activation of TLR4 by serum on days (D) 1, 3, 14 and 21; 4] activation of TLR9 by serum on days (D) 3, 14 and 21. B. COVID-19 patient serum and ETA 
significantly activate TLR3, TLR4, TLR7 and TLR9 compared to normal serum. * = p < 0.05 via 2-tailed t-test; *** = p < 0.001 via 2-tailed t-test; **** = p < 0.0001 
via 2-tailed t-test; ns = not significant via 2-tailed t-test; D = day; dil = dilution. 
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molecules present in COVID-19 patient samples while having only a 
modest effect on a control protein and suggest that such fibers may be 
useful for depleting DAMPs/PAMPs from COVID-19 patients requiring 
life-saving, supportive care such as extracorporeal membrane oxygen-
ation (ECMO). 

3.4. Single-cell RNA sequencing of COVID-19 patient monocytes reveals 
phenotypic differences and DAMP/PAMP response patterns specific for 
clinical outcome 

Next, we sought to explore the functional connection between the 
elevated levels of TLR activating DAMPs and PAMPs and CD16+

monocyte populations in COVID-19 ICU patients with different clinical 
outcomes. We conducted single-cell RNA-sequencing and quantified the 
transcriptional response to activation with TLR agonists in monocytes 
from COVID-19 ICU patients. Monocytes were treated with media, LPS 

Fig. 3. Treatment of serum and endotracheal aspirate (ETA) from COVID-19 ICU patients with nucleic acid-binding microfibers reduces the activity and quantity of 
TLR activating DAMPs/PAMPs. Treatment of serum with nucleic acid binding fiber significantly reduces TLR activation of HEK-TLR reporter cells for TLRs 3, 4, 7 and 
9. A. TLR-3; B. TLR-4; C. TLR-7; D. TLR-9. Treatment of ETA with nucleic acid binding fiber significantly reduces TLR activation of HEK-TLR reporter cells for TLRs 3, 
4, 7 and 9. E. TLR-3; F. TLR-4; G. TLR-7; H. TLR-9. Treatment of serum with nucleic acid binding fiber significantly reduces levels of I. DNA; J. RNA; K. nucleosome; 
L. HMGB-1. Treatment of ETA with nucleic acid binding fiber significantly reduces levels of M. DNA; N. RNA; O. nucleosome; P. HMGB-1. Q. Treatment of serum 
with nucleic acid binding fiber modestly reduces albumin levels. R. Treatment of ETA with nucleic acid binding fiber has no effect on albumin levels. * = p < 0.05 via 
2-tailed t-test; *** = p < 0.001 via 2-tailed t-test; **** = p < 0.0001 via 2-tailed t-test; NS = not significant via 2-tailed t-test. 
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(TLR4 agonist and positive control for PAMP activation), or R848 
(TLR7/8 agonist and mimic of viral RNA PAMP and the high levels of 
TLR7/8 agonists present in patients’ lungs and blood). Following 
sequencing, we annotated four distinct monocyte populations by cell 
type and clinical outcome: CD16− monocytes and CD16+ monocytes 
isolated from either recovered or deceased patients (Fig. 4A, S1A-C). 
Samples treated with TLR agonists LPS or R848 clustered separately 

according to clinical outcome following dimensionality reduction 
(Fig. 4B). In the media-treated baseline samples, the clusters did not 
separate. These results support the hypothesis that functional differ-
ences in monocytes from COVID-19 patients with differential clinical 
outcomes contribute to dysregulation of TLR-mediated anti-viral 
immunity. 

We found no differential gene expression between CD16− monocytes 

Fig. 4. Differential gene expression in monocytes from subjects with divergent outcomes. Monocytes isolated from blood obtained from COVID-19 patients (n = 3 for 
each group, recovered and deceased) were treated with media, LPS, or R848. A. UMAP projection of monocytes collected from subjects with COVID-19 and treated 
with media, LPS, or R848. UMAPs are colored by cell type and subject outcome. B. MDS ordination plot of either CD16− monocytes (top) or CD16+ monocytes 
(bottom) from samples treated with media, LPS, or R848. C. Differential expression of media-treated monocytes from recovered or deceased COVID-19 patients. 
Statistical significance is defined as q < 0.05 and log2FC > 1. D. Functional enrichment analysis of genes with elevated expression in CD16+ monocytes from 
deceased subjects relative to recovered subjects. E. Differential expression of LPS-treated monocytes and F. R848-treated monocytes from recovered or deceased 
COVID-19 patients. Intersections between differentially expressed gene sets are plotted as UpSet plots (left). Statistical significance is defined as q < 0.05 
and log2FC > 1. 
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isolated from recovered (n = 3) or deceased patients (n = 3) (Fig. 4C). In 
contrast, we observed that CD16+ monocytes from deceased patients 
had a transcriptional profile consistent with hyper-inflammatory acti-
vation, characterized by elevated expression of interleukin-1α (IL1A), 
interferon-stimulated gene IFI27, and TNFAIP6 at this baseline condi-
tion (without additional stimulation). CD16+ monocytes from recovered 
patients had higher expression of genes related to adaptive immunity, 

including HLA-DRB5. Functional enrichment analysis applied to these 
differentially expressed genes revealed that CD16+ monocytes from 
deceased patients were enriched in the tumor necrosis factor (TNF-α), 
IL-17, and IL-10 signaling pathways, consistent with the immunopa-
thology of COVID-19 in critically ill patients (Fig. 4D). Additionally, we 
identified enrichment of myeloid and neutrophil activation pathways 
and NFκB transcription factor (TF) motifs in genes with higher 

Fig. 5. Immune tolerance signatures in CD16+ monocytes from deceased subjects. A. Scatter plot of CoGAPS pattern scores for media-treated CD16− monocytes (left) 
and CD16+ monocytes (right). B. Differential gene expression markers and C. Functional enrichment analysis of CD16+ monocytes with pattern 3 score >0.5 
compared to all other CD16+ monocytes. D. Scatter plot of CoGAPS pattern scores for LPS-treated CD16− monocytes (left) and CD16+ monocytes (right). E. Dif-
ferential gene expression markers and F. Functional enrichment analysis of CD16+ monocytes with pattern 1 score >0.7 compared to all other CD16+ monocytes. G. 
Scatter plot of CoGAPS pattern scores for R848-treated CD16− monocytes (left) and CD16+ monocytes (right). H. Differential gene expression markers and I. 
functional enrichment analysis of CD16+ monocytes with pattern 5 score >0.6 compared to all other CD16+ monocytes. 
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expression in CD16+ monocytes from deceased patients. 
Stimulated monocytes treated with LPS or R848 were characterized 

by distinct gene expression profiles that reflected clinical outcome. 
CD16+ monocytes from deceased patients stimulated with LPS express 
markers of significant immune dysfunction compared to recovered pa-
tients (Fig. 4E). Recovered patients’ cells expressed markers of 
interferon-mediated antiviral immunity, including the genes IFI44, 
IFI44L, and ISG15, as well as chemokine ligands CXCL10 and CXCL11 
associated with immune infiltration in the airways while deceased pa-
tients’ monocytes did not [50]. Similar dysfunction was observed in 
CD16+ monocytes stimulated with R848, marked by expression of in-
flammatory macrophage- and neutrophil-associated genes SPP1 and 
NCF2 only in cells from deceased patients [51,52]. Overall, the number 
of differentially expressed genes in CD16+ monocytes was consistently 
larger than the number of differentially expressed genes in CD16− mo-
nocytes. This observation supports the hypothesis that CD16+ mono-
cytes are key regulators of COVID-19 immunopathology and harbor 
biomarkers associated with clinical outcomes. 

The transcriptomic profiles of monocytes isolated from deceased 
patients and treated with TLR agonists reveal a phenotype consistent 
with monocyte tolerance, a process that can be engendered by repeated 
exposure to inflammatory mediators such as those seen in ICU patients 
with COVID-19 [53]. Specifically, we found that CD16+ monocytes from 
deceased patients treated with either media or TLR agonists expressed 
similar levels of S100A8/9 (circulating calprotectin) and SIGLEC9, a 
protein that regulates LPS-mediated induction of tolerance via CCR7 
(Fig. S1D) [54–56]. This expression pattern was not observed in CD16+

monocytes from recovered patients (Fig. S1D). 
To further explore this connection, we performed non-negative ma-

trix factorization on single-cell gene count matrices to identify patterns 
of correlated gene expression associated with clinical outcomes. CD16+

monocytes, not treated with a TLR agonist, from recovered subjects were 
characterized by high expression of pattern 3 (Fig. 5A right, S2A-B). In 
contrast, a sub-population of media-treated CD16+ monocytes from 
deceased subjects have low expression of pattern 3 (Fig. 5A right), 
suggesting that these cells lack functional activity otherwise observed in 
recovered patients with a competent immune response. Next expression 
pattern 3 was used to stratify CD16+ monocytes from recovered or 
deceased patients (Fig. 5B). Genes with higher expression in deceased 
subjects were enriched in IL-17, IL-10, and NFκB signaling pathways 
(Fig. 5C). Additionally, we identified markers of neutrophil chemotaxis 
and innate immunity evasion in the deceased patients, which were not 
present in recovered patients. Overall, these data indicate that CD16+

monocytes from deceased but not recovered patients exhibit hallmarks 
of TLR tolerance. 

To explore this TLR tolerance phenotype further, similar analyses 
were applied to monocytes treated with the TLR agonists, LPS or R848. 
LPS-treated monocytes were stratified into two populations based on the 
expression of genes in pattern 1 (Fig. 5D, S2C-D). Monocytes from 
recovered patients were observed to have high expression of pattern 1 
genes, whereas cells from deceased patients had low expression of 
pattern 1 genes. These monocyte populations were used to identify 
enriched gene expression in either recovered or deceased patients 
(Fig. 5E). CD16+ monocytes from deceased subjects had higher 
expression of the alarmin protein S100A9 and T cell chemoattractants 
CXCL10 and CXCL11, and recovered subjects had higher expression of 
interferon-response genes, including IFIT2, IFIT3, and ISG15. The dif-
ferential gene expression profiles identified in recovered patients were 
enriched in interferon and RIG-I-like receptor signaling pathways 
(Fig. 5F). R848-treated monocytes were stratified into two populations 
based on the expression of pattern 5 genes (Fig. 5G, S2E-F). Monocytes 
from recovered patients expressed higher levels of pattern 5 than 
monocytes from deceased patients. Differential gene expression profiles 
in CD16+ monocytes associated with clinical outcome identified acti-
vation of macrophages and the JAK-STAT signaling pathway in recov-
ered patients (Fig. 5H–I). Pathway enrichment in CD16+ monocytes 

from deceased patients identified cytokine signaling by IL-17 and TNF-α. 
Thus, gene expression in monocytes stimulated with LPS or R848 from 
deceased patients suggests a non-productive response. 

3.5. Monocyte gene network analyses distinguish TLR activation 
responses associated with ICU patient outcome 

We then performed gene regulatory network analysis to understand 
which transcription factors coordinate differential gene expression in 
CD16+ monocytes. Regulon activity was inferred from genes with dif-
ferential expression between CD16+ monocytes from recovered versus 
deceased patients. Media alone-treated CD16+ monocytes from recov-
ered patients were enriched in EGR3 and JUND regulon activity, two 
proteins required to activate the AP-1 transcription factor, which 
broadly regulates anti-viral immunity (Fig. 6A) [57,58]. After stimula-
tion with either LPS or R848, CD16+ monocytes from recovered patients 
were consistently enriched in STAT1, STAT2, and STAT4 regulon ac-
tivity (Fig. 6B–C). STAT protein expression is required to restrict viral 
infection via induction of interferon signaling [59]. In contrast, CEBPB 
and ATF4 regulon activity was decreased in R848-treated CD16+

monocytes from recovered patients. The induction of ATF4 activity by 
TLR4 signaling interacts with CEBPB to regulate the production of in-
flammatory cytokines including IL-6, IL-8, and TNF-α [60,61]. The NFκB 
pathway is known to play a critical role in downstream signaling after 
TLR activation [62–65]. Indeed, we identified pathway-level enrich-
ment of NFκB signaling associated with CD16+ monocytes from 
deceased patients at the baseline, media-treatment condition (Fig. 6D). 
After stimulation with TLR agonists, recovered patients expressed genes 
regulated by NFκB at a higher level while such gene expression in 
monocytes from deceased patients was unchanged with stimulation 
(Fig. 6E–F). In summary, media-treated monocytes from deceased pa-
tients had elevated baseline expression of the NFκB pathway compared 
to recovered patients. We found a consistent negative correlation be-
tween expression of the NFκB inhibitor, NFKBIA, and JUND in CD16+

monocytes from deceased patients (Fig. 6G–I). At baseline, monocytes 
from recovered patients expressed high levels of JUND, and monocytes 
from deceased patients expressed high levels of NFKBIA instead. 
Following stimulation with LPS or R848, CD16+ monocytes from 
recovered patients expressed both JUND and NFKBIA, whereas 
co-expression of these genes was not observed in deceased patients, 
suggesting that JUND expression is a compensatory response to hyper-
stimulation of the NFκB pathway [66]. Taken together with our 
DAMP/PAMP profiling studies, these results suggest that the high levels 
of nucleic acid-containing DAMPs/PAMPs present in patients may lead 
to immune tolerance in ICU patients that succumb to COVID-19. 

3.6. Longitudinal proteomics reveals markers of heightened myeloid 
activation and consumption of PAMP carrier proteins in deceased patients 

For further validation of the differential transcription expression and 
functional observations from our RNA-sequencing data, we performed 
an unbiased proteomics analysis on plasma from four different ICU pa-
tients that recovered from COVID-19 and four different patients that did 
not. 

We identified similarities between the circulating proteome from 
these four deceased patients and the transcriptomic profiles of isolated 
monocytes from three different deceased patients. Functional pathway 
analysis performed on the plasma proteome demonstrated an enrich-
ment of biological processes related to myeloid activation, recruitment, 
and migration in deceased patients relative to survivors (Fig. 7A). Spe-
cifically, clustering performed on these proteomic data identified 
markers of mucosal innate immunity, antibacterial response, and 
cellular response to lipopolysaccharide in deceased patients. Further-
more, the proteinaceous markers enriched in deceased patients over 
recovered patients indicated heightened myeloid activity (Fig. 7B). 

Next we compared longitudinal samples from both recovered and 
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deceased patients (Fig. 7C). We observed that deceased patients had 
higher circulating levels of proteins secreted by activated neutrophils, 
including NGAL, PRTN3, MMP9, MPO, TRFL, and DEF1 [67]. These 
proteins are secreted by neutrophils in response to microbial-induced 
inflammation and are mediated by TLR signaling (Fig. 7C) [67–71]. 
Additionally, levels of S100A9, an alarmin protein, were also elevated in 
deceased patients compared to recovered patients (Fig. 7C) [48,72]. 
S100 proteins are markers of inflammation involved with positive 
feedback of TLR4 expression [48,72]. These data are consistent with the 
monocyte RNA sequencing data, which showed that anti-microbial 
pathways are elevated in cells from deceased patients compared to 
recovered patients. 

We also identified proteins with higher levels in recovered patients 
compared to deceased patients. For example, MARCO, a scavenger re-
ceptor expressed by macrophages that binds PAMPs in circulation and 

activates TLR signaling [73,74], is significantly lower in deceased pa-
tients relative to recovered patients (Fig. 7C). These findings suggest 
that PAMP binding and delivery to TLRs is consuming MARCO in 
deceased patients (Fig. 7C,E). A similar pattern was observed for various 
apolipoproteins, including APOA1, APOA2, APOH (Fig. 7C,E) as well as 
APOD and APOC4 (Fig. S3), which have reduced levels in plasma from 
deceased patients compared to recovered patients (Fig. 7C–E). Apoli-
poproteins act as carriers for PAMPs to activate TLR signaling and 
facilitate anti-viral immunity [75–77]. The proteomic evidence that free 
MARCO and apolipoproteins are decreased, and apparently being 
consumed, in deceased patient blood is consistent with the tran-
scriptomic findings that monocytes from deceased patients have 
increased activation of TLRs. 

Collectively, the COVID-19 ICU patient DAMP/PAMP TLR reporter 
cell activation studies, single-cell RNA sequencing, and proteomics 

Fig. 6. Gene regulatory network dynamics between monocyte populations. Heatmap of transcription factor regulon activity for A. media alone-treated, B. LPS- 
treated, or C. R848-treated monocytes from subjects with divergent outcomes. Regulons were identified from genes differentially expressed between CD16+

monocytes from recovered and deceased subjects. Z-scores are used for visualization to compare across cell types and outcome groups. D. Average gene expression for 
genes in the NF-kB signaling pathway across media-treated, E. LPS-treated, or F. R848-treated monocyte populations collected from subjects who recovered or died 
from COVID-19. G. Scatter plot of NFKBIA and JUND expression in media-treated, H. LPS-treated, or I. R848-treated CD16+ monocytes from subjects with divergent 
outcomes. The correlation between NFKBIA and JUND expression is given for each plot. 
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analyses indicate that TLR hyperstimulation by nucleic acid-containing 
DAMPs/PAMPs can lead to excessive monocyte activation and con-
sumption of immune modulators, all of which are associated with poor 
outcomes for COVID-19 ICU patients. Therefore, we next investigated 
whether DAMP/PAMP nanoscavengers can limit such TLR hyper-
activation and TLR tolerance in monocytes. 

3.7. MnO-based nanoparticles mitigate TLR stimulation by COVID-19 
ICU patient serum and ETA, and prevent DAMP/PAMP-mediated 
induction of TLR tolerance in monocytes 

The observation that nucleic acid-binding microfibers can capture 
and neutralize DAMPs/PAMPs (Fig. 3) led us to evaluate whether a 
soluble nanoparticle could be identified to counteract DAMPs/PAMPs in 
COVID-19 patient samples. To this end, we evaluated a new, soluble 
form of a nucleic acid binding nanoparticle-based upon manganese 
oxide (MnO). Given the uncharacterized nature of this MnO 

nanomaterial, we first assessed its fundamental properties. After syn-
thesis, we determined that the MnO particles generated ranged in size 
from 30 to 100 nm and have a zeta potential is about − 20 mV. We have 
evaluated the calf thymus DNA binding affinity of the manganese oxide 
nanomaterials (MnO NPs) in Tris-EDTA (TE) buffer by measuring un-
bound PicoGreen-labeled DNA. Despite their net negative surface 
charge, MnO NPs exhibit high DNA binding affinity (Fig. S4B), which is 
comparable to the nucleic acid binding polymer (PAMAM-G3) and has 
reduced cell toxicity compared to PAMAM-G3 (Fig. S4A). Next, we 
evaluated the nucleic acid scavenging activity of the MnO nanoparticles 
using TLR reporter cells. The MnO NPs inhibit CpG-induced activation of 
HEK-Blue hTLR9 cells, inhibit poly (I:C)-induced activation of HEK-Blue 
hTLR3 cells, and ORN06/LyoVec (ORN)-induced activation of HEK-Blue 
hTLR8 cells in a dose-dependent manner, regardless of the presence or 
absence of FBS (Fig. 8). The MnO-based nanoparticle has several distinct 
advantages when compared to other soluble nucleic acid binding 
nanomaterials we have previously tested. First, MnO nanoparticles 

Fig. 7. Myeloid activation and PAMP carrier consumption in deceased patients using proteomics. A. Significant pathway (adjusted p < 0.05) similarity 
clustering of differentially upregulated proteome in deceased patients relative to survivors B. High confidence (>0.9 Confidence) STRING network of myeloid related 
immune interactions of differentially upregulated proteome and their dominating pathways C. Expression heatmap for immune-related differentially upregulated 
(red) and downregulated (blue) proteins over time relative to the average value for all infected patients, ordered by their levels compared to uninfected controls 
(right bar). D. High confidence (>0.9 Confidence) STRING network for protein interactions of differentially downregulated proteome and dominating pathways. E. 
Time-series plots for differentially expressed protein hits with trending and significant timepoint values. 
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maintain a potent ability to bind to inflammatory nucleic acids with a 
significantly improved toxicity profile when compared to other poly-
mers (Fig. 8). Second, MnO nanoparticles are biodegradable and 
therefore are not expected to display the same level of toxicity to 
clearance organs observed with other classes of nucleic acid-binding 
nanomaterials such as the polyamidoamine or PAMAM family of 
polymers. 

Given these advantages, we wanted to test the utility of such MnO 
nanoparticles in controlling TLR stimulation by COVID-19 ICU patient 
samples. As shown in Fig. 9, MnO nanoparticle addition significantly 
reduced stimulation of TLR 3, 4, 7 and 9 by the DAMPs/PAMPs present 
in COVID-19 ICU patient serum and ETA (Fig. 9A and B). The level of 
inhibition achieved with the nanoparticle scavengers is essentially 100% 
and comparable to that achieved using the microfiber DAMP/PAMP 
scavenger (compare Figs. 3 and 9). Next, we investigated whether 
mitigation of TLR stimulation by MnO nanoparticle could prevent in-
duction of TLR tolerance in monocytes ex vivo. To this end, we con-
ducted an experiment in which freshly isolated primary human 
monocytes were treated with Poly I:C (double-stranded viral RNA PAMP 
mimic that activates TLR3) for 24 h, followed by treatment with LPS 
(bacterial PAMP mimic that activates TLR4) for 5 h after which cell 
supernatant was collected and the levels of the pro-inflammatory cyto-
kine IL-6 were quantified. Higher levels of secreted IL-6 are indicative of 
a TLR tolerant phenotype [78]. This experimental setup allowed for the 
induction of TLR tolerance ex vivo by first exposing monocytes to a viral 
PAMP (Poly I:C) and then to a bacterial PAMP (LPS). This sequential 
stimulation also would recapitulate the inflammatory exposure seen by 
monocytes in ICU patients with COVID-19, due to their viral infection, 
followed by any secondary bacterial infection. Using this experimental 
design, we found that monocytes treated with either LPS or Poly I:C 
alone secreted lower levels of IL-6 when compared to monocytes 
sequentially treated with Poly I:C then LPS. In fact, sequentially treated 
monocytes produced at least 1.2-fold more IL-6 than monocytes treated 
with Poly I:C or LPS alone. However, the addition MnO nanoparticles 
was able to completely abrogate IL-6 production in monocytes sequen-
tially treated with Poly I:C then LPS. Thus, treatment with the MnO 
DAMP/PAMP nanoscavenger can significantly reduce IL-6 production 
by monocytes in response to sequential TLR stimulation and thereby 
limit induction of a TLR tolerance phenotype (Fig. 9C). 

4. Discussion 

In this study, we performed immune and molecular assays that 
demonstrated elevated levels of nucleic acid-containing DAMPs/PAMPs 
are present in COVID-19 ICU patient serum and ETA. We also observed a 
monocytic TLR tolerance phenotype in deceased COVID-19 ICU 

patients. We established that two biomaterials could potentially be used 
to mitigate DAMP/PAMP-mediated hyperinflammation. TLR activation 
analyses using patient serum and ETA revealed systemic and local 
inflammation as indicated by potent stimulation of TLR3, TLR4, TLR7, 
and TLR9 signaling. DAMPs and PAMPs, which were particularly high in 
the airways, likely spill into the systemic circulation, resulting in 
hyperinflammation via persistent TLR stimulation. We observed that 
compared to deceased COVID-19 ICU patients those that recover have a 
higher abundance of CD16+ monocytes, which are known to be 
responsive to TLR7/8 activation by viral ssRNA. We characterized the 
functional differences in these monocytes and found that patients with 
different clinical outcomes mount a differential response to prototypic 
viral and bacterial PAMPs [31]. To characterize the monocytes in ICU 
survivors and non-survivors, we measured the response of monocyte 
subsets following activation with TLR agonists and also assayed the 
serum proteome from patients. These immune profiling, transcriptomic 
and proteomic analyses all suggested that nucleic acid-containing 
DAMPs/PAMPs play a central pathological role in the critically ill 
COVID-19 ICU patients. We therefore explored whether nucleic 
acid-scavenging agents could be utilized to counteract such DAMP-
s/PAMPs in samples from these ICU patients. We describe two comple-
mentary biomaterial-based approaches, microfibers and soluble 
nanoparticles, to neutralize the activation potential of these hyper-
inflammatory lung and blood samples. 

By stimulating isolated monocytes from deceased and recovered 
patients with TLR agonists, we discovered that cells with the same 
cytometric phenotype contain distinct molecular biomarkers and un-
dergo differential transcriptional responses that distinguish between 
patients with different clinical outcomes. Overall, monocytes from 
recovered patients produce a robust anti-viral response to TLR activa-
tion, whereas monocytes from deceased patients amplify the effects of 
the cytokine storm observed in COVID-19 patients via expression of 
TNF-α and alarmin mRNAs. These molecular patterns observed in 
deceased patients are congruent with the concept of TLR tolerance, 
marked by the lack of IL-12 production induced by the MAPK and AP-1 
signaling pathway [15,32–36]. Indeed, we identified transcriptomic 
profiles consistent with the previous characterization of IL-12 produc-
tion in innate myeloid cells from mice in which TLR tolerance was 
induced with a primary viral infection and a secondary bacterial infec-
tion [79,80]. However, CD16+ monocytes from deceased ICU patients 
with COVID-19 had reduced expression of JUND at baseline and did not 
activate the AP-1 signaling pathway upon stimulation with LPS or R848 
(Fig. 5A, G-I). This observation suggests that tolerant monocytes lose the 
ability to produce IL-12 and leave the patients at increased risk of sec-
ondary bacterial infection [37,40,81]. Therefore, increased and pro-
longed inflammation during severe SARS-CoV-2 infection can engender 

Fig. 8. MnO nanoparticles inhibit agonist mediated TLR activation. MnO inhibits activation of HEK-Blue hTLR3 (left), hTLR8 (middle), hTLR9 (right) cells in the 
absence or presence of FBS after nanomaterial treatment for 24 h in a dose-dependent manner. Experiments were repeated (N = 3). Data are presented as bars ± SEM. 
All agonists were purchased from Invivogen. ORN refers to ORN06/LyoVec. 
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an immunosuppressed phenotype that prevents adequate response to 
subsequent infections which can lead to poor clinical outcomes. Our 
data show that deceased patients not only have TLR tolerant monocytes, 
but that a second independent group of deceased patients has signifi-
cantly elevated proteinaceous markers of severe bacterial infection. Our 
proteomics data reveal that patients who eventually died in the ICU had 
significantly lower levels of PAMP and DAMP carrier proteins in their 
blood such as MARCO and apolipoproteins, including APOA1, APOA2, 
APOH, and APOD, especially at later time points of infection. MARCO 
and apolipoproteins have been shown to protect against bacterial 
infection due to their ability to bind to PAMPs and transport them to 
immune cells as well as neutralize LPS to temper cytokine storms 
[73–77]. A decrease in the circulating levels of these factors most likely 
results from the consumption of PAMP carriers due to the prolonged 
abundance of their ligands, which is consistent with TLR 

hyper-activation and also likely predisposes these patients to secondary 
bacterial infection. 

Unfortunately, previous studies have shown that it is difficult to 
rescue monocytes that have become TLR tolerant [37]. Therefore, a 
therapeutic strategy designed to treat or stop COVID-19 patients from 
becoming critically ill will almost assuredly need to prevent the devel-
opment of TLR tolerance in the first place. With this in mind, we eval-
uated a strategy to neutralize TLR agonists using nucleic acid-binding 
microfibers and nanoparticles, effectively supplementing the function of 
the depleted endogenous PAMP scavengers MARCO and apolipoprotein. 
As we and others have shown in models of trauma, sepsis, cancer, 
influenza and now COVID-19, neutralizing or removing DAMPs and 
PAMPs from circulation using nucleic acid binding biomaterials can 
reduce systemic inflammation and TLR tolerance by preventing TLR 
activation [11–17,21,22]. The microfiber mesh strategy can 

Fig. 9. Manganese Oxide (MnO) nanoparticles reduce the activity of TLR activating PAMPs/DAMPs in COVID endotracheal aspirate (ETA) and serum and prevent 
DAMP/PAMP-mediated TLR tolerance in monocytes. MnO significantly reduces stimulation of TLRs 3, 4, 7, and 9 by COVID-19 serum in TLR reporter cell assays. B. 
MnO significantly reduces stimulation of TLRs 3, 4, 7, and 9 by COVID-19 ETA in TLR reporter cell assays. C. Freshly isolated monocytes were treated with or without 
Poly I:C (double-stranded viral RNA DAMP mimic) for 24 h (24 h), followed by treatment with or without lipopolysaccharide (LPS, bacterial DAMP mimic) for 5 h (5 
h) after which cell supernatant was collected and IL-6 levels were quantified. Treatment with MnO was able to significantly reduce IL-6 production by monocytes in 
response to sequential TLR stimulation. ** = p < 0.01 via 2-tailed t-test; **** = p < 0.0001 via 2-tailed t-test. 
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theoretically be modified for use in a variety of devices, including filters 
for dialysis and extracorporeal membrane oxygenation (ECMO) that are 
commonly used to treat ICU patients with COVID-19 [82]. MnO-based 
nanoscavengers can be used for systemic or inhalation delivery in pa-
tients before the need for invasive airway support. Patients that are 
intubated due to virally induced respiratory failure are predisposed to a 
secondary ventilator-associated bacterial pneumonia (VAP) [83–85]. 
These bacteria are recognized by their surface expression of the viru-
lence factor LPS. A secondary immune challenge with LPS in mice 
caused a severe inflammatory reaction and high mortality, defining a 
similar trajectory to those observed in ICU patients who die from 
COVID-19 [81,86]. TLR tolerance leads to the inability of monocytes to 
adequately respond to subsequent immune challenges, as in the case of 
VAP associated with COVID-19 and poor outcomes. MnO might prove 
useful to supplement and replenish endogenous scavengers that are 
being overrun by PAMPs/DAMPs in the critically ill with COVID-19. As 
shown in Fig. 9, MnO nanoscavengers limit TLR stimulation by 
COVID-19 patient samples. By limiting TLR stimulation, such nano-
particles should abrogate TLR tolerance of patient monocytes caused by 
TLR hyperstimulation. 

The in vivo translation of this DAMP/PAMP neutralization concept 
now needs to be tested to determine it can improve outcomes in the 
setting of COVID-19 infection as has been observed in other animal 
models of disease [11–14,16,17]. Of particular relevance to SARS-CoV-2 
infection, we have shown that neutralization of DAMPs/PAMPs im-
proves outcomes in animal models of influenza and sepsis [13,19,20]. 
Future studies using a large animal model of COVID-19 that re-
capitulates the TLR tolerance phenotype observed in COVID-19 ICU 
patients should be pursued to allow for the establishment of an ECMO 
animal model in which the utility of the proposed microfiber-based 
DAMP/PAMP capture strategy could be characterized. We did not 
examine whether similar TLR-tolerant monocytes are associated with 
patients with non-COVID-19 ARDS but hypothesize that a common 
immunopathology may underlie dysfunction in sepsis and other severe 
infections, as well. Furthermore, we were unable to investigate the role 
of neutrophils and platelets, which also express TLRs and have been 
implicated in COVID-19 thromboinflammatory syndromes. Future 
studies using fresh blood are needed to compare the contributions of 
these cells to the TLR-mediated inflammatory response in COVID-19 and 
other infectious diseases and the potential utility of microfiber and 
nanoparticle-based DAMP/PAMP scavengers to control such 
hyperinflammation. 

In summary, we observe that nucleic acid-containing DAMPs/PAMPs 
are highly elevated in the lungs and blood of COVID-19 ICU patients and 
that CD16+ monocytes isolated from such patients are defined by TLR 
activation phenotypes that reflect the clinical outcome. Specifically, 
patients that recover from SARS-CoV-2 infection have CD16+ monocytes 
capable of producing a competent anti-viral immune response through 
activation of TLRs such as TLR7/8, while cells from deceased patients 
are tolerized to TLR activation due to chronic, repeated DAMP/PAMP- 
induced inflammation. We observed that monocytes from deceased 
patients have transcriptomic and proteinaceous markers characteristic 
of TLR tolerance consistent with the observation that nucleic acid 
DAMPs/PAMPs are highly elevated in patient serum and ETA. We tested 
two complementary approaches to neutralize such inflammatory me-
diators that if developed appropriately might prevent hyper-
inflammation, monocytic TLR tolerance and improve clinical outcomes 
for individuals who are severely ill with COVID-19. 

5. Materials and methods 

5.1. COVID-19 ICU study population 

The study was approved by the Duke University Institutional Review 
Board (IRB) (Pro 00101196). Eligible patients were men and women 
ages 18 years and above that were admitted to an adult ICU at Duke 

University Hospital with SARS-CoV-2 infection confirmed by PCR 
testing. Informed consent was obtained from the patient or their Legally 
Authorized Representative (LAR). 

5.2. Duke ICU COVID-19 biorepository 

We collected whole blood and endotracheal aspirate (ETA) super-
natants. Whole blood was separated into serum, citrated plasma, EDTA 
(ethylenediaminetetraacetic acid) plasma, and peripheral blood mono-
nuclear cells (PBMCs). ETA was spun down at 600 g for 10 min at 4 ◦C. 
The supernatant was pipetted off and the pellet and supernatant were 
stored at − 80 ◦C. Samples were collected on study days 1, 3, 7, 14, and 
21. All data reported in this paper were obtained with patient samples 
from the Duke ICU Biorepository and this study was performed in 
collaboration with the Biorepository team. 

5.3. Healthy controls 

Whole blood was collected from healthy donors under a separate 
protocol approved by the Duke IRB (Pro 00007265) and processed 
similarly. 

5.3.1. Reagents 
Pooled human serum from healthy donors was purchased from 

Sigma Aldrich. CpG ODN 2006, Poly I:C, LPS, and R848 were purchased 
from InvivoGen. ELISA kits were purchased as follows: HMGB-1 (Tecan- 
ST51011), Cell-Death Detection ELISA Plus (Roche-11,774,425,001), 
and albumin (Abcam-ab179887). Picogreen and Ribogreen stains were 
obtained from Life Technologies (P7589 and R41190). PAMAM-G3 
based nucleic acid binding fiber and polyethylenimine (PEI)-based 
nucleic acid binding fiber were graciously provided by Jaewoo Lee, PhD 
and synthesized as previously described [15]. 

5.3.2. Synthesis of nucleic acid binding Fiber and removal of TLR Ligands 
from Serum and ETA 

Electrospinning was utilized to generate nucleic acid-binding 
microfibers as previously described [15]. Briefly, poly (styr-
ene-alt-maleic anhydride) (PSMA) polymers meshes were used to func-
tionally immobilize [87,88] PAMAM-G3 or PEI onto microfiber meshes 
containing a mixture of PSMA and polystyrene copolymers. PSMA 
(0.3 g) (Sigma, Saint Louis, MO) and polystyrene (0.4 g) (Sigma) were 
dissolved at room temperature in a 1:1:1 (v:v:v) mixture of tetrahy-
drofuran:acetone:dimethylformamide (3 mL) (Sigma) and microfibers 
were generated by electrospinning 2 mL of copolymer solution at a 
dispensing rate of 2 mL/h with an applied voltage of ~17.3 kV, as 
described previously [87,89]. To generate microfiber meshes, the 
microfibers were collected on a grounded cylindrical mandrel as 
described [15]. To immobilize PEI and PAMAM-G3 on the PSMA/po-
lystyrene microfiber meshes 1.8 kDa branched polyethylenimine (PEI) 
(Polysciences, Warrington, PA) (0.005 M) and PAMAM-G3 (0.004 M) 
(Sigma) were incubated for 72 h either at room temperature (PEI) or 
4 ◦C (PAMAM-G3) as described [15]. 

Patient sera [10 μL] or ETA [1 μL] were diluted into a final volume of 
100 μL with serum-free AIM-V media. Dilutions were incubated with 
PAMAM-G3-based fiber at 37 ◦C for 30 min with rotation. The suspen-
sion was removed and combined with a PEI-based fiber and a PAMAM- 
based fiber for 30 min each at 37 ◦C with rotation prior to use in TLR 
reporter assays. This sequential fiber-based strategy was validated as the 
most effective scavenging fiber approach in previous studies [15]. 

5.3.3. MnO nanoparticle Synthesis and neutralization of TLR Ligands from 
Serum and ETA using MnO nanoparticles 

Manganese oxide can be synthesized by using manganese com-
pounds (e.g., manganese acetate) and acid (e.g., tannic acid) at high 
temperature (e.g., 100–150 ◦C). A mixture of manganese acetate and 
tannic acid (mass ratio of manganese acetate and tannic acid is 1 : 2–6) 
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in Milli-Q water is stirred for 10 min at room temperature, the solution is 
then transferred into an autoclave. After heat treatment at 150 ◦C for 2 h, 
the sample solution is cooled to <50 ◦C naturally. The size of MnO 
nanoparticles ranged from 30 to 100 nm and zeta potential is about − 20 
mV. 

Patient sera [10 μL] or ETA [1 μL] were diluted into a final volume of 
100 μL with serum-free AIM-V media. Dilutions were incubated with 
MnO at 37 ◦C for 30 min with rotation prior to use in TLR reporter assays 
and monocyte stimulation assays. 

5.4. Whole blood flow cytometry 

Immune subset profiling antibody panels were obtained from 
Beckman-Coulter. One basic immune subset panel tube (B53309) and 
one granulocyte panel tube (B88651) was used per patient, per time 
point per the manufacturer’s instructions. The fixed and stained cells 
were acquired within two days of collection by The Duke Immune 
Profiling Core (DIPC) in accordance with BSL2* biosafety practices. Data 
were analyzed using FlowJo. 

5.5. TLR activation assays 

HEK-Blue human TLR 3, 4, 7, and 9 reporter cell lines were pur-
chased from Invivogen (hkb-htlr3, hkb-htlr4, hkb-htlr7, hkb-tlr9). 
Activation was determined according to the manufacturer’s in-
structions using QUANTI-blue SEAP detection media (InvivoGen). Cells 
were plated in 96-well plates at a density of 40,000 cells/well and 
treated for 12 h with media, LMW PolyI:C [1 μg/mL], LPS [1 μg/mL], 
R848 [1 μg/mL], or CpG ODN 2006 [1 μM], pooled healthy human sera 
[10 μL], COVID-19 patient sera [10 μL], or COVID-19 patient ETA [2 μL] 
in a final volume of 100 μL media. Cell supernatant was collected and 
mixed with QUANTI-blue at a 20:80 vol:vol ratio and incubated for 
90 min at 37 ◦C. Absorbance was measured using a Spectramax i3 plate 
reader (Molecular Devices) at 655 nm. All samples were run in triplicate 
and results are reported as comparative absorbance values. 

5.5.1. Single Cell RNA sequencing of monocytes from COVID-19 ICU 
patients 

PBMC’s that were isolated and frozen as part of the ICU Biorepository 
(see above) were used for this experiment. PBMC’s from 3 patients that 
recovered and 3 patients that died earlier in the pandemic, who did not 
receive the anti-inflammatory/immunomodulatory drug dexametha-
sone was used. PBMCs were thawed at 37 ◦C and resuspended in AIM-V 
media lacking FBS. Thereafter, monocytes were isolated from total 
PBMCs using Stem Cell’s bead-based isolation kit (19,058). Isolated 
monocytes from each patient were then distributed into 3 wells of a low- 
binding 24-well plate (Corning-3473). These monocytes were then 
treated with media, LPS (1 μg/mL), or R848 (1 μg/mL) for 6 h at 37 ◦C. 
These monocytes were then washed once with warmed AIM-V media 
and taken to our single-cell RNA sequencing core. 

Cells were stained with TotalSeq-B anti-human Hashtag antibodies 
(Biolegend – San Diego, CA #394631, 394,633, 394,635, 394,637, and 
394,639) following the manufacturer’s protocol, with minor modifica-
tions. Cells were counted on a Cellometer (Nexcelom - Lawrence, MA) 
using propidium iodide and acridine orange to ensure accuracy of count 
and viability. Cells were resuspended in 50 μL cell stain buffer (CSB, 
Biolegend– San Diego, CA #420201) with 5 μL Human TruStain™ Fc 
Blocking Reagent (Biolegend– San Diego, CA #422301) and incubated 
on ice for 10 min. Following Fc block, the incubation supernatant was 
removed and each cell sample was stained with previously determined 
hashtag antibody according to the table below and incubated on ice for 
30 min. 

After incubation cells were washed 3 times, resuspended at a con-
centration of 1.5 × 106 cells/mL, and filtered with a 40 μm Flowmi Cell 
Strainer (Bel-Art H13680-0040). Hashtag-stained cells were pooled ac-
cording to table (2000 cells per sample, 4 or 5 samples per pool) and 

loaded onto 10x Genomics NextGEM chip. 
Four gene expression and four hashtag oligo libraries were generated 

with the Chromium Next GEM Single Cell 3′ v3.1 assay (10x Genomics 
PN-1000128), Chromium Next GEM Chip G Single Cell Kit (PN- 
1000127), and Single Index Kit Set A (PN-1000127), following the 
Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 with feature 
barcoding technology for cell surface protein protocol CG000206 
version D. Cells were resuspended in a master mix that contains reverse 
transcription (RT) reagents and then combined with gel beads carrying 
the Illumina TruSeq Read 1 sequencing primer, 16 nt 10x barcode, 12 nt 
unique molecular identifier and a poly-dT primer for RT. Full-length 
cDNAs were purified with Dynabeads MyOne SILANE, followed by 
cDNA amplification for 11 cycles. Amplified cDNA was assayed on a 
4200 TapeStation High Sensitivity D5000 ScreenTape (Agilent - Santa 
Clara, CA) to ensure lengths between 200 and 5000 bp. Enzymatic 
fragmentation and size selection were used to optimize the cDNA 
amplicon size before Illumina (San Diego, CA) P5 and P7 adapters, i5 
sample indexes, and TruSeq read 2 primers were added via End Repair, 
A-tailing, Adaptor Ligation, and PCR. KAPA Library Quant qPCR (Roche 
KK4873) was used to assess P5 and P7 adapter ligation on an ABI ViiA 7 
(Applied Biosystems, Foster City, CA), prior to assay on an Agilent 4200 
TapeStation with the High Sensitivity D1000 ScreenTape to size the li-
braries between 400 and 500bp. The sequence was generated using 
paired-end sequencing on an Illumina NovaSeq 6000 on a paired-end, 
single indexed flow cell at ~50,000 reads/cell.  

Sample Name Hashtag Antibody # Cell Pool 

C4 Media 1 1 
C5 Media 2 1 
C4 LPS 4 1 
C5 LPS 5 1  

C7 LPS 1 2 
C4 R848 2 2 
C5 R848 3 2 
C7 R848 4 2  

H11 Media 1 3 
H18 Media 2 3 
H24 Media 3 3 
C7 Media 4 3 
H11 LPS 5 3  

H18 LPS 1 4 
H24 LPS 2 4 
H11 R848 3 4 
H18R848 4 4 
H24 R848 5 4  

5.5.2. scRNA-seq dataset processing and cell type annotation 
Following sequencing, datasets were demultiplexed using the 10x 

Genomics Cell Ranger pipeline to generate FASTQ files and feature 
count matrices. The hashtag-labeled reads were mapped to the respec-
tive sample using the HTODemux () function implemented by Seurat 3 
and all default parameter values [90]. Cells with fewer than 200 or 
greater than 3500 genes detected were removed from downstream 
analysis. Similarly, cells with greater than 10% of reads mapping to the 
mitochondrial genome were removed from the datasets. Gene counts 
were log-normalized and the top 2000 variable features were identified 
for dataset integration. The datasets were merged into a single Seurat 
object using the FindIntegrationAnchors () and IntegrateData () func-
tions with the number of dimensions set to 30. Principal component 
analysis and UMAP dimensionality reduction were performed using the 
first 30 principal components. The Seurat function SCTransform () was 
applied to the integrated dataset, and UMAP embeddings were recal-
culated using the Harmony package, taking into account the first 20 
principal components [91]. Graph-based clustering was then performed 
with resolution = 1. Cell type annotation was performed using the 
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single-cell RNA-seq references provided with the SingleR package [92]. 
Specifically, cells were labeled as CD16− monocytes or CD16+ mono-
cytes based on annotation with the DatabaseImmuneCellExpressionData 
() function. Cells that were not annotated as monocytes were removed 
from downstream analysis. Cell type labels were confirmed by plotting 
the expression density of CD14 and FCGR3A (CD16) for all cells as a 
UMAP with the Nebulosa package [93]. 

5.5.3. Univariate Testing for differential expression in scRNA-seq datasets 
Pseudo-bulk univariate testing was performed for all samples using 

aggregate single-cell gene expression profiles for either CD16− mono-
cytes or CD16+ monocytes. Cells from recovered patients were 
compared to cells from deceased patients in each of three conditions: 
media, LPS, or R848. MDS ordination plots were generated using the 
EdgeR package to performed dimensionality reduction for each mono-
cyte sub-population [94,95]. Polygons were plotted over the MDS em-
beddings to visualize clusters of samples. Gene expression profiles for 
each cell type were aggregated into a single matrix to perform univariate 
testing using the EdgeR pipeline. The design formula for univariate 
testing incorporated subject outcomes, and differential gene expression 
testing was performed for both CD16− monocytes and CD16+ monocytes 
under each of the three conditions. Log-fold change enrichment and 
FDR-corrected p-values were plotted using the EnhancedVolcano pack-
age (https://github.com/kevinblighe/EnhancedVolcano). Significance 
was defined as absolute log-fold change >0.5 and FDR-corrected p-value 
< 0.05. Intersections in the differentially expressed gene sets were 
calculated and visualized as UpSet plots [96]. Functional enrichment 
analysis was performed for the genes with higher expression in CD16+

monocytes from deceased patients using g:Profiler and pathway-level 
enrichment is reported as FDR-corrected p-values [97]. 

5.5.4. Non-negative matrix factorization applied to monocyte subsets 
The CoGAPS implementation of non-negative matrix factorization 

was applied to media, LPS, and R848-treated monocytes separately [98]. 
Genes with high technical variance, including mitochondrial and ribo-
somal protein genes, were removed from the analysis. Five gene 
expression patterns were identified for each cell population using 500 
iterations. The CoGAPS loadings for each experiment were used to 
identify the top 10 genes associated with each of the five patterns. These 
genes were visualized as a heatmap to give context for genes with 
correlated expressions that make up each pattern. The CoGAPS scores 
assigned to each cell were plotted as violin plots to identify multi-modal 
distributions of cells that have a similar expression to the five gene 
expression patterns. Distributions in pattern scores that stratified 
monocyte sub-populations by clinical outcome were plotted as scatter 
plots and used to define univariate testing comparisons. Functional 
enrichment analysis was performed for these differentially expressed 
genes to estimate pathways enrichment associated with clinical 
outcome. 

5.6. Gene regulatory network inference 

The scRNA-seq Seurat object was converted into a Single-
CellExperiment and used as input to analysis with the SCENIC package 
[99]. Genes with differential expression between CD16+ monocytes 
from recovered and deceased subjects were identified for each treatment 
condition. The standard workflow for running the SCENIC analysis was 
then performed using the count matrix for these marker genes as input 
[100]. GENIE3 was used to identify regulons including transcription 
factors and regulatory targets with correlated co-expression, and AUCell 
was used to score regulon activity for each monocyte sub-population. 
The ‘top10perTarget’ co-expression parameter was used to prune the 
list of scored regulons. Regulon activity z-scores were plotted as a 
heatmap to identify enrichment associated with clinical outcome. 

Genes regulated by the transcription factor NFκB were retrieved from 
the KEGG functional annotation database and used to visualize trends in 

expression associated with clinical outcome [101]. The average 
expression of each pathway gene was calculated using Seurat, and the 
mean expression was calculated using all of the pathways genes 
together. Expression of NFKBIA was plotted against expression of JUND 
as a scatter plot, and the correlation was calculated using all CD16+

monocytes. 

5.6.1. Plasma proteomics with COVID-19 ICU patient specimens 
This experiment was conducted by the Duke Proteomics Core. 

Samples were thawed, and 20 μL of plasma was aliquoted into 750 μL 
Matrix tubes (Thermo) in a 96-well format. A study pool QC (SPQC) 
sample was made by mixing equal volumes of all samples. Three repli-
cates of the SPQC sample were added to the plate. Samples were diluted 
with 200 of 5.5% w/v sodium deoxycholate (SDC) in 50 mM ammonium 
bicarbonate (AmBic) containing 11 mM dithiothreitol, and samples 
were inactivated by heating at 80 ◦C for 15 min. After cooling, samples 
were alkylated with 10 μL of 250 mM iodoacetamide (IAM) in AmBic at 
room temperature in the dark, for 30 min. Alkylation was quenched by 
addition of 10 μL of 220 mM DTT in AmBic, and digestions were per-
formed by adding 20 μL of 5 mg/mL TPCK trypsin (Sigma) in AmBic 
followed by incubation at 37 ◦C for 2 h in a Thermomixer. Reactions 
were quenched by addition of 30 μL of 5/20/65 v/v/v TFA/MeCN/ 
water containing 0.33 pmol yeast ADH1 digest (Waters MassPrep) to 
each sample followed by brief vortexing and incubation on a Thermo-
cycler for 5 min and centrifugation for 2 min at 10,000×g. 15,000×g for 
2 min, supernatants and residual precipitate were transferred to an 
ISOLUTE Filtration + filter plate (Biotage) taped to a Deepwell 96/1000 
μl plate (Eppendorf) followed by shaking at 1250 rpm for 3 min. Finally, 
the samples were filtered for 10 min on a vacuum manifold in a 96-well 
plate and sealed with a cap mat. 

Quantitative data-independent acquisition (DIA)-LC-MS/MS. Sam-
ples were analyzed by DIA-LCMS/MS using an Acquity UPLC (Waters) 
interfaced to a Exploris 480 high-resolution tandem mass spectrometer 
(Thermo). Analyses of plasma samples used 10 μL of peptide digests 
(~33 μg). After direct injection, peptides were separated on a 
1 mm × 15 mm 1.7 μm CSH C18 column (Waters) using a flow rate of 
100 μL/min, a column temperature of 55 ◦C and a gradient using 0.1% 
(v/v) formic acid (FA) in H2O (mobile phase A) and 0.1% (v/v) FA in 
MeCN (mobile phase B) as follows: 0–60 min, 3–28% B; 60–60.5 min, 
28–90% B; 60.5–62.5 min, 90% B; 62.5–63 min, 90-3% B; and 
63–67 min, re-equilibration at 3% B. A tee was used post-column to 
introduce a solution of 50% (v/v) dimethyl sulfoxide/acetonitrile 
(DMSO/MeCN) at 10 μL per min. The LC was interfaced to the MS with 
an Optamax NG ion source under heated electrospray ionization (HESI) 
conditions with the following tune parameters: sheath gas, 32; aux gas, 
5; spray voltage, 3.5 kV; capillary temperature, 275 ◦C; aux gas heater 
temp, 125 ◦C. 

The DIA analysis used a 120,000 resolution precursor ion (MS1) scan 
from 375 to 1600 m/z, AGC target of 300% and maximum injection time 
(IT) of 45 miliseconds and RF lens of 40%; data were collected in 
centroid mode. MS/MS was performed using tMS2 method with default 
charge state = 3, 30,000 resolution, AGC target of 1000% and maximum 
IT of 60 ms, and a NCE of 30; data were collected in centroid mode. 18 
variable DIA windows spanned 400–1200 m/z. The MS cycle time was 
1.65 s, and the total injection-to-injection time was 67 min. 

High pH-reversed phase (HPRP) fractionation for Spectral Library 
Generation. Approximately 500 μg of protein digests, pooled from in-
dividual samples, was lyophilized and resuspended in 20 mM ammo-
nium formate, pH 10. Peptides were fractionated using a 2.1 mm × 5 cm 
BEH C18 column (Waters) and Waters ACQUITY I-Class UPLC. Separa-
tions utilized a flow rate of 0.4 mL/min and column temperature of 
55 ◦C, and mobile phases consisted of 20 mM ammonium formate, pH 10 
(MPA) and neat MeCN (MPB). A gradient was as follows: 0–3, 3% MPB; 
3–50 min, 3–35% MPB; 50–51 min, 35–90% MPB; 51–55 min, 90% 
MPB; 55–56 min, 90-3% MPB; 56–70 min, 3% MPB. 48 equal fractions 
were collected from 3 to 53 min (~0.4 mL each fraction) into wells 
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containing 10 μl of 40% TFA, and each column of wells (e.g. wells/ 
fractions 1, 13, and 25 and 37) was combined to maximize the peak 
capacity of the LCMS/MS analyses. After lyophilization, samples were 
resuspended in 25 μl of 1% (v/v) TFA/2% (v/v) MeCN in H2O. 

Qualitative analysis of HPRP-fractionated samples for Spectral Li-
brary Generation. Twenty μL of each of the fractionated pools (12 
fractions each) were analyzed by microflow LC-MS/MS as described 
above, except that the data was analyzed in Spectronaut 14 using the 
study-specific library. To minimize missing data, “profiling” was used to 
quantify precursors that did not meet a significance value (q-value 
<0.01) in every run. Using a sparse cut-off of 20% (data included all 
precursors that met a q-value in at least 20% runs), there were 559 
proteins quantified in the plasma samples. Of these, 450 proteins 
(including ADH1, trypsin, and 3 variant protein entries) were quantified 
by more than 1 unique precursor, a metric for more confident 
identification. 

Normalization: Raw protein group data (sum of all quantified pre-
cursors) was normalized by Library Size, followed by Trimmed Mean of 
M (TMM) normalization. Normalization had little effect on expression 
measurements, suggesting highly stable sample preparation, data 
acquisition and overall protein content between the study samples 
measured. 

Data analysis: Normalized data was first evaluated grouping all pa-
tient timepoints by outcome, to narrow down the dataset we performed 
multiple T tests with Benjamini-Hochberg (BH) correction and pro-
ceeded with proteins meeting the threshold of adjusted p < 0.05. Using 
the average protein measurements by outcome we calculated the log 2 
fold changes for each protein, and grouped upregulated and down-
regulated proteins separately. These were analyzed in STRING V 11.0 for 
full STRING network at a required score of highest confidence (0.900) 
ignoring disconnected nodes, and g:Profiler (version 
e103_eg50_p15_68c0e33) using default settings [97,102]. We then 
proceeded with pathway clustering using Enrichmentmap 3.3 applica-
tion via Cytoscape 3.8, using downloaded pathway and enrichment data 
from g:Profiler [103,104]. We narrowed on hits consistent with the most 
enriched pathway clusters, namely defense/immune cell pathways for 
upregulated proteins, and wound healing/complement and immunity 
for downregulated genes. 

We further evaluated the hits differences between outcome by 
matched timepoints at 0, 7 or 14-days using T tests to find out when 
these proteins were most likely to have differences. 

5.6.2. ELISA and nucleic acid quantification 
ELISA, Picogreen, and Ribogreen assays (Life Sciences) were per-

formed per the manufacturer’s instructions in triplicate. 

5.6.3. Statistical analysis 
Statistical tests were performed in GraphPad Prism via one-way 

ANOVA followed by Sidak multiple comparison test between healthy 
sera controls and COVID-19 samples or between COVID-19 sample 
types. All other graphs were created with GraphPad Prism software. 
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