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BACKGROUND: Viral infections can cause acute respiratory distress syndrome (ARDS), systemic inflammation, and secondary 
cardiovascular complications. Lung macrophage subsets change during ARDS, but the role of heart macrophages in cardiac 
injury during viral ARDS remains unknown. Here we investigate how immune signals typical for viral ARDS affect cardiac 
macrophage subsets, cardiovascular health, and systemic inflammation.

METHODS: We assessed cardiac macrophage subsets using immunofluorescence histology of autopsy specimens from 21 
patients with COVID-19 with SARS-CoV-2–associated ARDS and 33 patients who died from other causes. In mice, we 
compared cardiac immune cell dynamics after SARS-CoV-2 infection with ARDS induced by intratracheal instillation of Toll-
like receptor ligands and an ACE2 (angiotensin-converting enzyme 2) inhibitor.

RESULTS: In humans, SARS-CoV-2 increased total cardiac macrophage counts and led to a higher proportion of CCR2+ (C-
C chemokine receptor type 2 positive) macrophages. In mice, SARS-CoV-2 and virus-free lung injury triggered profound 
remodeling of cardiac resident macrophages, recapitulating the clinical expansion of CCR2+ macrophages. Treating 
mice exposed to virus-like ARDS with a tumor necrosis factor α–neutralizing antibody reduced cardiac monocytes and 
inflammatory MHCIIlo CCR2+ macrophages while also preserving cardiac function. Virus-like ARDS elevated mortality in 
mice with pre-existing heart failure.

CONCLUSIONS: Our data suggest that viral ARDS promotes cardiac inflammation by expanding the CCR2+ macrophage 
subset, and the associated cardiac phenotypes in mice can be elicited by activating the host immune system even without 
viral presence in the heart.
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During recurring seasonal waves, respiratory viral 
infections cause endemic and pandemic threats, 
ranging from mild flu-like symptoms to life-

threatening acute respiratory distress syndrome (ARDS). 
A recent example has been SARS-CoV-2 causing 
COVID-19. In a subset of vulnerable patients, COVID-19 

elicits ARDS with high mortality rates.1 Although COVID-
19 is considered primarily a respiratory disease, excessive 
systemic inflammation and a cytokine storm accom-
panied by high levels of circulating immune cells may 
occur.2 The cytokine release by activated immune cells 
may contribute to myocardial injury, which is observed 
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in up to 50% of patients.3 The underlying mechanisms 
are still a matter of debate. Because mortality rates rise 
among patients with cardiovascular and metabolic dis-
eases such as hypertension, diabetes, and obesity, which 
are associated with immune activation, a primed immune 
system likely contributes to cardiovascular complications 
during viral infections. The risk of developing cardiac 
complications, including heart failure, myocarditis or peri-
carditis, remains elevated after recovery from the acute 
phase of viral infections, even among vaccinated patients 
who were not hospitalized,4 emphasizing the importance 
of understanding the myocardial inflammatory response 
to viral respiratory infections.

Macrophage expansion is a feature of viral ARDS. Dis-
ease severity positively correlates with overall lung leu-
kocyte numbers.5 Bronchoalveolar lavage fluid samples 
from patients with severe COVID-19 revealed increased 
neutrophils, depleted tissue-resident alveolar macro-
phages, and abundant inflammatory monocyte-derived 

macrophages.6 Cardiac macrophages can be divided 
into CCR2- (C-C chemokine receptor type 2 negative) 
and CCR2+ subsets with divergent origins and func-
tional identities.7 CCR2+ subsets are monocyte-derived 
and preferentially accumulate at sites of inflammation in 
response to tissue injury. Resident cardiac macrophage 
subsets are CCR2- and proliferate locally.8 The roles of 
tissue-resident macrophages versus monocyte-derived 
macrophages during cardiac injury associated with viral 
ARDS, and specifically in SARS-CoV-2 infection, are 
less clear. In autopsies of patients with COVID-19, car-
diac CD68+ macrophage levels were expanded in 86% 
of 21 cases independent of disease severity.9

Here, we investigate how immune signals typical for 
virus-induced ARDS affect cardiovascular health, sys-
temic inflammation, and macrophage subsets in car-
diac autopsy specimens from patients with COVID-19 
, in mice infected with SARS-CoV-2, and in uninfected 
mice with “virus-like ARDS” (VLARDS). In humans and 
mice, ARDS and systemic inflammation altered total 
cardiac macrophage counts and expanded the pro-
portion of CCR2+ macrophages. Currently, it remains 
unclear to what degree COVID-19–induced myocar-
dial inflammation is caused by viral infection of the 
heart versus the systemic immune response of the 
host to the virus. To probe whether cardiac sequelae 
also occur in the absence of viral infection, we exam-
ined mouse cardiac leukocytes after inducing ARDS 
with TLR (Toll-like receptor) ligands and ACE2 
(angiotensin-converting enzyme 2) inhibitor to mimic 
pathways activated by SARS-CoV-2 infections.10–12 
Lung injury in virus-free mice triggered profound 
remodeling of the resident macrophages of the heart 
and recapitulated the CCR2+ macrophage expansion 
in patients with COVID-19. Our data suggest that car-
diac inflammation and associated outcomes can be 
elicited by activating the immune system even without 
viral presence in the heart. In mice with VLARDS, immu-
nomodulatory therapeutics alleviated heart inflamma-
tion and preserved cardiac function.

METHODS
An extended methods section is provided in the Supplemental 
Material. The data that support the findings of this study are 
available from the corresponding author upon reasonable 
request. Autopsy specimens from controls (n=33) were col-
lected between September and December 2019, before the 
global pandemic started, at the Pathology Department of 
Massachusetts General Hospital. The study was approved 
by an institutional review committee. All animal procedures 
were performed in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals and 
in accordance with the guidelines by the Canadian Council 
on Animal Care and approved by the institutional animal care 
and use committee and by the animal research ethics board of 
McGill University and Massachusetts General Hospital.

Clinical Perspective

What Is New?
•	 Cardiac macrophage subsets change in patients 

with COVID-19 toward the inflammatory CCR2+ 
(C-C chemokine receptor type 2 positive) subset.

•	 Cardiac phenotypes can be induced by activation 
of the immune system of the host even without viral 
presence in the heart.

What Are the Clinical Implications?
•	 Our data acquired in mice with virus-like acute 

respiratory distress syndrome support the idea that 
modulating the host immune response may alleviate 
inflammatory cardiac complications.

•	 CCR2+ macrophages may serve as a therapeutic 
target to alleviate cardiovascular complications in 
vulnerable patients with viral infections.

Nonstandard Abbreviations and Acronyms

ACE2	 angiotensin-converting enzyme 2
angII	 angiotensin II
ARDS	 acute respiratory distress syndrome
CCR2	 C-C chemokine receptor type 2
HFpEF	� heart failure with preserved ejection 

fraction
LPS	 lipopolysaccharide
MyD88	� myeloid differentiation primary response 

88
IFN	 interferon
TLR	 Toll-like receptor
VLARDS	 virus-like ARDS
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Statistical Analyses
Statistical analyses were performed using GraphPad Prism 9 
(GraphPad Software, San Diego, CA). Results are reported as 
mean SEM. Normality was assessed using a Shapiro-Wilk nor-
mality test. For a 2-group comparison, normally distributed data 
sets underwent an unpaired parametric 2-tailed t test; not nor-
mally distributed data sets underwent a Mann-Whitney test. For 
multiple comparisons, normally distributed data sets underwent 
a 1-way or 2-way ANOVA followed by a Bonferroni multiple 
comparisons test as appropriate and indicated in the respective 
figure legends; not normally distributed data sets underwent a 
Kruskal-Wallis test followed by a Dunn multiple comparisons 
test. Categorical characteristics of the human cohort were 
tested using a Fisher exact test. There are no deposited data 
associated with this article.

RESULTS
VLARDS Mouse Model
We aimed to reproduce features of clinical SARS-
CoV-2–associated ARDS in mice to test whether im-
mune signaling typical for viral infections is sufficient 
to cause cardiac phenotypes seen in patients with 
COVID-19, even in the absence of the virus. Repeated 
saline lavage causes ARDS through surfactant deple-
tion and mechanical injury.13 Without additional stimuli, 
saline lavage leads to some impaired permeability but 
limited recruitment of immune cells.14 Building on this 
model, we used daily intratracheal saline instillations to 
deliver immune-stimulatory agents that mimic signaling 
pathways activated by SARS-CoV-2 to establish sterile 
VLARDS with pronounced systemic inflammation (Fig-
ure 1A). We used 150 µL of saline to deliver 4 compo-
nents. First, we delivered the ACE2 inhibitor MLN4760. 
Type II alveolar epithelial cells express ACE2,15 and 
coronaviruses use it as an entrance receptor.16 SARS-
CoV-2 spike proteins bind to and thus downregulate 
ACE2,11 a phenomenon we mimic here by chemical 
ACE2 inhibition. ACE2 inactivates angII (angiotensin II) 
and negatively regulates angII production. SARS-CoV-
2–associated ACE2 downregulation leads to excessive 
angII production that promotes lung injury17 and cardio-
vascular complications.18 Second, we delivered the TLR7 
and 8 agonists resiquimod and imiquimod to mimic en-
dosomal TLR7 and TLR8 receptor activation by viral 
DNA.10 Ligating these TLRs initiates a type I IFN (inter-
feron) response that activates MyD88 (myeloid differen-
tiation primary response 88) signaling and downstream 
proinflammatory cytokine production, thereby conferring 
antiviral protection to the host. Third, we delivered the 
prototypical TLR4 agonist LPS (lipopolysaccharide). 
TLR4 activation can result from bacterial coinfections 
that frequently occur in patients with ARDS.19 The viral 
spike protein is being discussed as a potential TLR4 li-
gand.20 No matter whether parts of the virus or bacterial 
components ligate the receptor, it has become clear that 

TLR4 activation plays a role in triggering the cytokine 
storm after SARS-CoV-2 infection.21

Mice with VLARDS lost body weight over the time 
period of the 5 daily intratracheal instillations (Figure 1B). 
Body temperature was lower in VLARDS mice (Fig-
ure 1C), indicating hypothermia, a feature of both ARDS 
and septic shock. The mortality rate was >40% in mice 
with VLARDS on day 5 of the experiment (Figure 1D), an 
outcome that matches clinical ARDS mortality.22 Com-
puted tomography of the lungs revealed bilateral opaci-
ties and lung infiltrations (Figure 1E and 1F). Mice with 
VLARDS had diminished blood oxygenation (Figure 1G), 
which also signifies ARDS. VLARDS increased D-dimers, 
reduced blood pressure, and lowered heart rates (Figure 
S1A through S1E), whereas neutrophils and monocytes 
rose in circulation (Figure S1G and S1H).

Leukocyte Recruitment and Lung Inflammation 
During VLARDS
At steady-state, lungs harbor alveolar macrophages and 
monocyte-derived macrophages.23 The latter are rapidly 
recruited from the circulation during ARDS. Histological 
staining revealed diffuse alveolar damage and cellular 
infiltration in VLARDS compared with control mice (Fig-
ure 1H). CD45+ leukocytes increased in lungs of mice 
with VLARDS, an expansion driven by influx of neutro-
phils and monocyte-derived macrophages (Figure 1I and 
1J). As expected, alveolar macrophages were reduced in 
VLARDS mice (Figure 1I and 1J), suggesting the death 
of this cell population. Macrophage activation leads to 
release of IFNy, tumor necrosis factor α (TNFα), and in-
terleukin 10 (IL10) in the setting of SARS-CoV-2 infec-
tion.24 Expression of Il1β, Il6, Il10, Cxcl2, Ifny, and TNFα 
was upregulated in VLARDS lungs compared with control 
lungs, indicating that delivering the immune stimulants in 
the ARDS cocktail elicited the predicted phenotype (Fig-
ure 1K). This was further supported by elevated serum 
protein levels of IL6 (Figure 1L), IL1ß, IFNy, and TNFα 
(Figure S1l). Il1ß and Il6 proteins were also augmented in 
the bronchoalveolar lavage fluid from mice with VLARDS 
(Figure 1M). Heightened IL6 levels are associated with 
COVID-19 severity and adverse outcomes.25 Effects of 
VLARDS were similar in male and female mice (Figure 1J 
and 1L). Together, these data show that VLARDS pheno-
copies inflammatory pathways that are active in ARDS 
associated with SARS-CoV-2.

VLARDS Induces a Phenotypic Switch Among 
Cardiac Macrophage Subsets
A key feature of SARS-CoV-2–induced ARDS is sys-
temic inflammation, as evidenced by blood neutrophilia 
and monocytosis and dysregulated cytokine and chemo-
kine profiles.25 Excessive inflammation can cause organ 
damage or failure and cause cardiac complications such 
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as acute myocardial injury, myocarditis, arrhythmias, or 
thromboembolism.26 To test whether VLARDS affects car-
diac function, we performed echocardiography. We found 
a reduced ejection fraction, stroke volume, and cardiac 
output in mice with VLARDS compared with controls (Fig-
ure 2A through 2C), results that suggest loss of systolic 
function. On day 5 after VLARDS induction, blood tropo-
nin levels increased (Figure 2D).

Although patients with SARS-CoV-2 have more heart 
macrophages,9 the role of macrophages and their sub-
sets in this context is not clear. Subset shifting could 

be of importance because certain cardiac macrophage 
subsets support cardiomyocyte metabolism27 and pre-
serve normal conduction.28 Histology of mouse cardiac 
sections revealed cellular infiltrations in left ventricular 
myocardium of mice with VLARDS (Figure 2E). Flow 
cytometry revealed neutrophil and monocyte recruitment 
to the heart, which peaked on days 5 and 3, respectively 
(Figure 2F through 2H). Overall cardiac macrophage 
counts also increased on day 5 in mice with VLARDS (Fig-
ure 2H). In VLARDS mice, MHCIIhi CCR2+ and MHCIIhi 
CCR2- macrophage subsets were reduced on day 3 and 

Figure 1. A mouse model of VLARDS.
A, Experimental outline. All assays were done on day 5 after the first instillation. B, Body weight in grams (n=6 mice per group). C, Body 
temperature (°C). D, Kaplan-Meier curve indicating mortality of VLARDS (n=11) and vehicle-treated control (n=8 mice, log rank Mantel-Cox test. 
E, X-ray computed tomography images and lung opacity quantification (F) reported in Hounsfield units (HU). G, sO2 and PaO2 in arterial blood. 
H, Lung H&E staining indicating increased cellularity in lungs of mice with ARDS. Scale bars=250 μm (left) and 50 μm (right). I, Representative 
flow plots for lung tissue and corresponding quantification of leukocyte, neutrophil, and macrophage counts per lung lobe (J). K, qRT-PCR analysis 
of total lung tissue. L, ELISA for IL6 in serum. M, ELISA for IL6 and IL1ß in bronchoalveolar lavage fluid (BALF). *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001 vs naive control group. One-way ANOVA followed by Bonferroni multiple comparisons test or Kruskal-Wallis test followed by Dunn 
multiple comparisons test, as appropriate. Data are mean±SEM. ARDS indicates acute respiratory distress syndrome; LPS, lipopolysaccharide; 
and VLARDS, virus-like ARDS.
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then recovered rapidly (Figure 2I). MHCIIlo CCR2+ mac-
rophages, which are not present in the steady-state heart 
and are thought to have an inflammatory phenotype,29 
expanded on days 3 and 5 after VLARDS induction (Fig-
ure 2I). MHCIIlo CCR2- macrophages peaked on day 5 
(Figure 2I). The decline of some myocardial macrophage 

subsets may be caused by their death, as we detected 
increased numbers of TUNEL+ CD68+ macrophages on 
day 3 after VLARDS induction (Figure S2A through S2C). 
Macrophage subset perturbations were accompanied by 
higher myocardial expression of Il1β, Il6, Ifny, Ifnar2, and 
Irf7 (Figure 2J).

Figure 2. Phenotypic changes of cardiac macrophage subsets in VLARDS.
A, Experimental outline. B, B-mode images of the left ventricle in a parasternal long-axis view and quantitative analyses (C). D, Troponin levels 
measured in whole blood samples. E, H&E-stained cardiac cross-sections and 20× magnifications demonstrating cellular infiltration. Scale 
bar=2.5 mm (left) or 100 μm (right). F, Experimental outline. Flow cytometry was performed on days 3, 5, and 14 after the first instillation. G, 
Exemplary flow plots of cardiac tissue. H, Quantification of leukocyte populations and macrophage subsets (I) in hearts from naive and VLARDS 
mice. One-way ANOVA followed by Bonferroni multiple comparisons test or Kruskal-Wallis test followed by Dunn multiple comparisons test, as 
appropriate. J, qRT-PCR analyses of bulk heart tissue on day 5 after first instillation. Unpaired parametric 2-tailed t test or Mann-Whitney test, as 
appropriate. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 vs naive control group. Data are mean±SEM. ARDS indicates acute respiratory distress 
syndrome; CCR2, C-C chemokine receptor type 2; and VLARDS, virus-like ARDS.
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To decipher to which degree TLR4 signaling contrib-
uted to the observed innate immune changes, we sub-
jected cohorts of mice to a VLARDS regimen that lacked 
LPS and to LPS-only instillations, comparing with naive 
mice and mice that received the complete VLARDS cock-
tail (Figure S2D). We found that in blood, LPS was respon-
sible for the increase in neutrophils, which did not occur if 
LPS was lacking from the ARDS cocktail, whereas blood 
monocyte subsets were not significantly dependent on 
LPS (Figure S2E). In the myocardium, overall macrophage 
numbers increased no matter whether LPS was present 
in the ARDS cocktail (Figure S2F). LPS increased the 
numbers of neutrophils and monocytes in the myocardium 
(Figure S2F). LPS did not influence depletion of resident 
MHCII+ Ccr2- macrophages but augmented numbers 
of recruited MHCIIhi Ccr2+ macrophages (Figure S2F), 
which aligns with increased myocardial monocyte num-
bers. Taken together, TLR4 signaling mostly influenced 
neutrophil and monocyte recruitment to the heart.

To compare leukocyte fluctuations after VLARDS induc-
tion with infection with the SARS-CoV-2 virus, we pursued 
experiments in CoV-2–susceptible K18-hACE2 mice (Fig-
ure S3A). Regardless of viral presence, we observed an 
increase of interstitial macrophages and a reduction of 
alveolar macrophages in the lung, which was more pro-
nounced in VLARDS mice (Figure S3B). Fluorescence-
activated cell sorting analysis of the heart showed an 
increase of heart macrophages in both models, which was 
more pronounced in SARS-CoV-2–infected mice (Figure 
S3C). Cardiac macrophage subsets were altered similarly 
in both models, with the exception of MHCIIhi Ccr2- mac-
rophages. This resident subset only decreased in VLARDS 
mice (Figure S3C). To begin exploring this divergence, 
we pursued quantitative real-time PCR analysis of the 
myocardium in both models, which showed a significantly 
higher upregulation of Ifny and Tnfα in VLARDS myocar-
dium (Figure S3D). We speculate that a strong TLR7/8 
ligation in VLARDS mice may have depleted MHCIIhi Ccr2- 
macrophages in the heart. Of note, Ifny is a potent activa-
tor of macrophages and typically increases expression of 
MHCII,30 making it less likely that the above finding was 
caused by cellular downregulation of MHCII.

To address how the observed neutrophilia after 
VLARDS induction affects cardiac dysfunction, we 
depleted neutrophils with neutralizing antibodies (Figure 
S4A and S4B). We observed that neutrophil depletion 
did not affect cardiac macrophage counts and blood 
troponin levels (Figure S4C through S4E). Neutrophil 
depletion preserved the ejection fraction measured by 
echocardiography (Figure S4F).

SARS-CoV-2–Associated ARDS Disrupts 
Cardiac Macrophage Subsets in Patients
To test whether cardiac macrophage subsets change in 
patients, we stained for macrophage markers CD68 and 

CCR2 in myocardial autopsy specimens from 21 patients 
with a confirmed COVID-19 infection leading to SARS-
CoV-2–associated ARDS (Table; Table S1; Figure 3A; 
Figure S5). For comparison, 33 patients who died from 
non–COVID-19 causes before the pandemic served as 
controls. CD68+ macrophages were more abundant in 
patients with COVID-19 than in controls (Figure 3B), 
matching a previous report.9 In line with our findings in 
mice, the recruited CCR2+ CD68+ macrophage subset 
expanded in the myocardium of patients with COVID-19 
(Figure 3C). More CD68+ macrophages accumulated 
and the CCR2+ CD68+ macrophage subset increase 
was more pronounced in patients with COVID-19 than 
in control cases regardless of the cause of death (Fig-
ure 3D and 3E), suggesting that SARS-CoV-2 infection 
led to a particularly strong cardiac immune response 
compared with other life-threatening diseases.

Anti-TNFα Antibody Therapy Improves Lung 
Inflammation in VLARDS
We used the VLARDS model to evaluate how anti-
inflammatory therapies affect immune activation in mice 
with VLARDS (Figure 4A). In an n=3 screening study, we 
administered daily injections of antibodies neutralizing 
IL1β, IL6, or TNFα, cytokines we found upregulated in 
VLARDS. In addition, we used the dual CCR2/5 inhibitor 
cenicriviroc, which blocks monocyte recruitment and is 
currently being tested in patients with COVID-19.

On the basis of preliminary screening (Figure 4B; 
Table S2), we treated a larger VLARDS cohort with TNFα-
neutralizing antibodies, which preserved body weight and 
temperature (Figure 4C and 4D). This treatment did not 
improve lung opacity, as assayed with computed tomog-
raphy (Figure 4E and 4F). However, anti-TNFα therapy 
improved blood oxygenation and survival (Figure 4G 
through 4I). CD45+ leukocyte recruitment into the lung 
was reduced in VLARDS mice receiving anti-TNFα 
therapy (Figure 4J through 4L). This effect was mainly 
driven by lower neutrophil counts, whereas lung mac-
rophage populations were comparable between study 
groups (Figure 4K). Anti-TNFα therapy decreased Cxcl2, 
IL1β, and IL6 expression in lung tissue (Figure 4M), IL6 
serum protein (Figure 4N), and Il6 and Il1ß protein in 
bronchoalveolar lavage fluid (Figure 4O). Taken together, 
these results indicate that targeting TNFα exerts ben-
eficial effects in ARDS by ameliorating the host immune 
response.

Anti-TNFα Therapy Protects Cardiac Function in 
Mice With VLARDS
Next, we tested whether anti-TNFα therapy limited the 
cardiac consequences of VLARDS. We found that anti-
TNFα therapy prevented VLARDS-induced systolic dys-
function, as indicated by higher ejection fraction, stroke 
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volume, and cardiac output (Figure 5A and 5B). VLARDS-
induced cardiomyocyte apoptosis and cell recruitment 
to the myocardium appeared reduced in cardiac cross-
sections (Figure 5C through 5E). Flow cytometry doc-
umented that this effect was driven by less monocyte 
influx (Figure 5F and 5G). Total cardiac macrophage 
counts trended lower and MHCIIlo CCR2+ and MHCIIhi 
CCR2- macrophages were significantly less numerous 
if VLARDS was treated with anti-TNFα antibodies (Fig-
ure 5H), which also lowered myocardial expression of 
Il1β, Il6, and TNFα (Figure 5I). Taken together, these 
results demonstrate that TNFα-neutralizing therapy cur-
tailed lung and heart inflammation in mice with VLARDS.

Pre-Existing Heart Failure With Preserved 
Ejection Fraction Associates With High Mortality 
in Mice With VLARDS
The risk of dying from severe SARS-CoV-2 infection is 5 
times higher in patients with pre-existing cardiovascular 
disease compared with patients without comorbidities.31 

To test whether VLARDS recapitulates this clinical mortal-
ity, we exposed male mice with pre-existing heart failure 
with preserved ejection fraction (HFpEF) to VLARDS. We 
induced HFpEF with hypertension and metabolic stress 
as recently described32 (Figure 6A; Figure S6A and S6B). 
Echocardiography revealed preserved ejection fraction 
and diastolic dysfunction, as illustrated by increased E/A 
ratio, reduced E/e’ ratio, and diminished global longitu-
dinal peak strain (Figure 6B and 6C). Circulating neutro-
phils, monocytes, and Ly6Chi monocytes were elevated 
in mice with HFpEF (Figure 6D), as has been observed 
in alternative HFpEF models.33 HFpEF increased over-
all cardiac macrophages and the MHCIIhi Ccr2+ subset 
(Figure S6C). When naive controls and mice with HFpEF 
underwent VLARDS induction (Figure 6E), pre-existing 
HFpEF further lowered body temperature and raised 
VLARDS mortality (Figure 6F and 6G); inducing VLARDS 
in mice with HFpEF lowered blood pressure (Figure S7A 
and S7B). We then assayed cardiac macrophages on day 
3 after VLARDS induction in mice with HFpEF, before the 
high mortality observed on day 4. We found that at this 

Table.  Baseline Characteristics of Clinical Cohort

Baseline characteristics Controls SARS-CoV-2 ARDS P value 

n 33 21  

Age 62.7 (57.8, 67.7) 64.3 (56.4, 72.1) 0.72

Male sex 17 (51.5%) 15 (71.4%) 0.16

BMI 26.6 (23.6, 29.7) 30.9 (25.1, 36.8) 0.15

Smoker

 � Yes 1 (3%) 1 (4.8%) >0.99

 � Former 12 (36.4%) 10 (47.6%) >0.99

 � Never 15 (45%) 7 (33.3%) 0.41

 � Unknown 5 (15.2%) 3 (14.28) >0.99

Primary cause of death

 � Pulmonary 8 (24.3%) 19 (90.5%) <0.0001

 � Cardiovascular 8 (24.3%) 1 (3%) 0.075

 � CNS 2 (6.1%) 0 (0%) 0.51

 � Other 14 (42.4) 1 (3%) 0.004

COVID-19 diagnosis* 0 (%) 21 (100%) <0.0001

Mean time of death from diagnosis … 20.8 (14.7, 26.8) …

Clinical

 � sO2 94.7 (92.9, 96.5) (n=30) 91.5 (87.1, 95.9) (n=16) 0.32

 � Body temperature 36.7 (36.3, 37.0) (n=26) 37.0 (36.5, 37.5) (n=19) 0.44

 � Heart rate 89.9 (82.4, 97.4) (n=32) 103.4 (87.8, 119.0) (n=20) 0.077

 � Left ventricular ejection fraction 60.7 (56.0, 65.4) (n=24) 56.9 (49.1, 64.8) (n=14) 0.28

White blood cell count 16.9 (11.8, 22.0) (n=32) 18.3 (10.5, 26.0) (n=12) 0.46

 � Neutrophils 74.4 (68.1, 80.7) (n=28) 78.1 (73.1, 83.0) (n=19) 0.55

 � Lymphocytes 13.4 (8.7, 18.2) (n=28) 10.1 (6.7, 13.5) (n=19) 0.85

 � Monocytes 5.8 (4.6, 7.0) (n=26) 6.6 (5.5, 7.7) (n=19) 0.33

P values were calculated using a Fisher exact test (for categorical characteristics), unpaired parametric 2-tailed 
t test, or Mann-Whitney test (both for continuous characteristics), as appropriate. ARDS indicates acute respira-
tory distress syndrome; BMI, body mass index; and CNS, central nervous system.
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early time point, overall cardiac macrophage numbers 
declined in mice with HFpEF and VLARDS, which was 
driven by lower numbers of MHCIIhi cells (Figure S7C). 
Finally, we examined whether anti-TNFα treatment was 
beneficial in mice with VLARDS and HFpEF (Figure 6H). 
Indeed, anti-TNFα antibody injections preserved body 
temperature and decreased mortality compared with 
untreated VLARDS mice with HFpEF (Figure 6I and 6J). 
This beneficial effect was associated with a reduced 
number of MHCIIlo Ccr2+ macrophages in the myocar-
dium (Figure S8A and S8B).

DISCUSSION
Our article describes 2 novel insights: (1) SARS-CoV-2 
infection shifts cardiac macrophage subsets toward the 
harmful, recruited CCR2+ phenotype in patients and 
mice, and (2) even in the absence of an actual virus, the 
host immune response to virus-like lung injury is suffi-
cient to reproduce this heart macrophage subset shift 
(Figure S9). The relevance of deviating MHCIIhi Ccr2- 
macrophage numbers in SARS-CoV-2–infected versus 
VLARDS mice remains to be explored. TNFα-neutralizing 

Figure 3. Human SARS-CoV-2–associated ARDS raises cardiac macrophage recruitment.
A, Immunofluorescence staining of myocardium from controls and patients with COVID-19. Tissue was stained with DAPI (blue), CD68-AF88 
(green), and CCR2-DyLight 594 (red). Scale bar=50 μm or 20 μm, respectively. B, Quantification of CD68+ macrophages per field of view (FOV) 
and CCR2+ CD68+ macrophages (C) in controls and patients with COVID-19. D, CD68+ cells and CCR2+ CD68+ cells (E) per FOV stratified 
according to cause of death. **P<0.01; ***P<0.001; ****P<0.0001 vs control group. Mann-Whitney test or Kurskal-Wallis test followed by Dunn 
multiple comparisons test, as appropriate. Data are mean±SEM. ARDS indicates acute respiratory distress syndrome; and CCR2, C-C chemokine 
receptor type 2.
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Figure 4. Anti-TNFα therapy protects against VLARDS.
A, Experimental outline of anti-inflammatory drug screen. All readouts were taken on day 5 after the first instillation. B, Heat map indicating 
readouts of drug screen expressed as percentage change compared with the average of untreated VLARDS mice (%; n=3 mice per group; 
leukocytes were enumerated in the heart. C, Body weight loss (%). D, Body temperature (°C). E, Computed tomography images and quantification 
of lung opacity (F) in Hounsfield units (HU). G, sO2 and PaO2 (H) in arterial blood. I, Kaplan-Meier curve indicating mortality of VLARDS (n=11) 
and VLARDS in mice treated with anti-TNFα antibody (n=10 mice, log-rank Mantel-Cox test). J, Representative flow plots of lung tissue and 
quantification of leukocytes, neutrophils, and macrophages (K) per lung lobe. L, H&E staining of lung tissue. Scale bar=200 μm (left) or 50 μm 
(right). M, Gene expression analysis in lung tissue. N, ELISA for IL6 in serum. O, ELISA for IL6 and IL-1ß in bronchoalveolar lavage fluid (BALF). 
*P<0.05; **P<0.01; ***P<0.001 vs VLARDS group. Unpaired parametric 2-tailed t test or Mann-Whitney test, as appropriate. Data are mean±SEM. 
ARDS indicates acute respiratory distress syndrome; CCR2, C-C chemokine receptor type 2; and VLARDS, virus-like ARDS.
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Figure 5. Anti-TNFα therapy prevents ARDS-induced changes in macrophage subsets and improves cardiac function.
A, B-mode images in a parasternal long-axis view and analyses of left ventricular systolic function (B). C, H&E-stained cardiac cross-sections and 
20× magnifications, demonstrating cellular infiltrations. Scale bar=2.5 mm (top) or 100 μm (bottom). D, Representative images from cardiac 
cross-sections stained with DAPI (blue), troponin (green), and TUNEL (red); scale bars=25 μm. E, Quantification of troponin+ TUNEL+ cells. 
Nested t test. F, Representative flow plots of cardiac tissue and (G) corresponding quantification of leukocytes and (H) macrophage subsets, 
based on CCR2 and MHCII. I, qRT-PCR analysis of heart tissue. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 vs VLARDS group. Unpaired 
parametric 2-tailed t test or Mann-Whitney test, as appropriate. Data are mean±SEM. ARDS indicates acute respiratory distress syndrome; CCR2, 
C-C chemokine receptor type 2; and VLARDS, virus-like ARDS.
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antibodies inhibited some of these macrophage subset 
alterations and the associated cardiac functional decline. 
Our findings indicate that systemic and myocardial in-
flammatory signals elicited by virally induced ARDS may 
contribute to the cardiovascular complications and high 
mortality rates of this condition. In addition, our study 
confirms previous reports9 that SARS-CoV-2 infection 
increases overall macrophage numbers in human hearts.

In the healthy myocardium, macrophages perform 
important housekeeping functions, including mitochon-
drial pruning to preserve the metabolic integrity of car-
diomyocytes by outsourced autophagy.27 We speculate 
that a phenotypic shift toward inflammatory macrophage 
subsets could compromise essential housekeeping func-
tions, leading to metabolically challenged cardiomyocytes 
and reduced cardiac function. Given that cardiovascular 
pathologies are part of a protracted recovery in long-haul 
COVID-19, future studies should explore how altered 

immune cell landscapes in the heart contribute to this 
syndrome.

Systemic effects of bacterial or viral infections caus-
ing cardiac dysfunction have been described in patients 
with sepsis.34 Although molecular mechanisms of 
sepsis-induced myocardial dysfunction remain incom-
pletely understood, TLR4 signaling, as included in our 
model by LPS challenge, is a well-accepted driver of 
myocardial dysfunction.35 Our data indicate that myocar-
dial neutrophil recruitment in ARDS is TLR4-dependent. 
If ARDS-related TLR4 signaling also directly affects car-
diac macrophages or other cells expressing TLRs (eg, 
cardiomyocytes) is less clear.

In patients with ARDS, sepsis, or SARS-CoV-2 infec-
tion, cardiac function can be compromised, especially if 
pre-existing cardiovascular conditions are present and if 
ventilation is required.36 In isolation or combined, comor-
bidities like hyperlipidemia, obesity, or hypertension 

Figure 6. Pre-existing HFpEF increases VLARDS mortality.
A, Experimental outline of inducing heart failure with preserved ejection fraction (HFpEF) in mice by L-NAME (drinking water) and 60% high-
fat diet, both ad libitum over 12 weeks. B, Echocardiographic assessment of ejection fraction (EF) and diastolic function (C), indicated by the 
late diastolic transmitral flow velocity (E/A), the ratio between mitral inflow velocity and mitral valve annular early diastolic velocity (E/e’), and 
the global longitudinal peak strain (GLS). D, Blood leukocyte numbers assessed by flow cytometry in naive controls and mice with HFpEF. E, 
Experimental outline of VLARDS induction in naive mice (Ctrl) and mice with pre-existing HFpEF. F, Body temperature (°C) measured on day 4 
after first intratracheal instillation. G, Kaplan-Meier curve indicating mortality of VLARDS (n=11) and HFpEF+VLARDS (n=8) mice. H, Experimental 
outline indicating treatment of HFpEF+ARDS mice with anti-TNFα therapy. I, Body temperature (°C) measured on day 4 after first intratracheal 
instillation. J, Kaplan-Meier curve indicating mortality of HFpEF+VLARDS (n=8) and HFpEF+VLARDS+anti-TNFα treatment (n=8, log-rank 
Mantel-Cox test).*P<0.05; ***P<0.001; and ****P<0.0001 vs naive group (C and D), vs VLARDS group (F), or vs HFpEF+VLARDS (I). Unpaired 
parametric 2-tailed t test or Mann-Whitney test, as appropriate. Data are mean±SEM. ARDS indicates acute respiratory distress syndrome; and 
VLARDS, virus-like ARDS.
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increase the risk of death in patients with ARDS.37 We 
speculate that the observed effects on cardiac macro-
phage numbers and phenotypes may contribute to the 
worse prognoses of patients with ARDS. Inflammatory 
macrophage phenotypes propel atherosclerosis and 
heart failure; hence, altered cardiac macrophage subsets 
as seen in our study may support disease progression 
and poor outcome.

Study limitations include that our experiments induced 
VLARDS in young mice, a protocol that simplified the 
complex clinical situations of older patients with various 
comorbidities. Our clinical data do not include potential 
effects of COVID-19 vaccines because all human speci-
mens were collected before vaccinations became avail-
able. Although our data indicate that viral presence is not 
necessary for cardiac injury in mice with VLARDS, viral 
infection likely has additional influence on the heart and 
immune system. Thus, there are likely many potentially 
important differences between VLARDS and SARS-CoV-
2–infected mice, including but not limited to myocardial 
IFNγ and TNFα expression. Previous data in mice with 
sepsis reveal that heart macrophage numbers expand 
because of enhanced cell recruitment and prolifera-
tion.38 During bacteremia, cardiac resident macrophages 
phagocytosed bacteria and died as a consequence,38 also 
shifting the predominant cardiac macrophage phenotype 
away from protective and toward harmful inflamma-
tory subsets, as in our current work. The precise reason 
for the initial decline of cardiac resident macrophages 
remains to be uncovered. Given the converging theme of 
initial tissue macrophage rarefaction in systemic inflam-
mation, these results warrant broader phenotyping (eg, 
by whole transcriptome assays) of cardiac macrophages 
and other heart leukocytes after VLARDS or infection to 
obtain a more complete picture of immune pathway con-
tributions to cardiac complications.

Our study indicates that cardiac macrophage sub-
sets change in patients with COVID-19. Given what 
is known about the crucial roles cardiac macrophages 
play in myocardial ischemia, heart failure, and myocar-
ditis, this observation suggests that cardiac leukocytes 
should be considered a therapeutic target to alleviate 
cardiovascular complications in vulnerable patients with 
viral infections. Macrophage subset depletion studies 
are needed to test this hypothesis. Our data acquired 
in mice with VLARDS support the idea that depleting 
neutrophils or neutralizing TNFα may alleviate inflam-
matory cardiac complications. Several clinical trials are 
currently testing immunomodulation in severe COVID-
19. First results of a randomized clinical indicate that 
TNFα inhibition with infliximab may reduce COVID-
19 mortality, although a predefined end point, time to 
recovery, was not significantly affected by the treat-
ment.39 Our data obtained in mice with HFpEF support 
that specific patient subgroups, perhaps even those 
with coexisting cardiovascular pathologies, may benefit 

from such treatment. However, especially in the setting 
of active infection, such considerations must take into 
account that innate immune cells remove pathogens, 
and that their depletion will likely impede bacterial and 
viral clearance.
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