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Abstract
SARS-CoV-2 enters the cell through the ACE2 receptor, which is considered one of the main inhibitors in the Renin-
Angiotensin-Aldosterone System (RAAS).1  ,2 The virus has been shown to downregulate the ACE2 receptor, leading to
a subsequent increase in the vasopressoragentangiotensinII.3  Evidently,criticalcoronavirusdisease2019(COVID-19)is
thought to be due to a dysregulated immune response, causing a cytokine-release syndrome eventually leading to
acute respiratory distress syndrome (ARDS).4  ,5  However, several reports on clinical laboratory features and case-
descriptions of critically ill patients with COVID-19 show discrepancies compared to typical ARDS. Here, we show that
infusing swines with angiotensin II induces a pathophysiological syndrome closely resembling that of patients with
RT-PCR-positive COVID-19. By using multimodal clinical imaging of patients, comparing laboratory data and
translational histological features, we show that it is highly likely that an increase in RAAS is one, if not the main,
pathogenic feature in critical COVID-19. Furthermore, it is plausible that this large animal model can be used to screen
for potential new treatments for patients with severe COVID-19 and that MRI lung perfusion can be used to evaluate
the outcome of potential treatments targeting the pathophysiological syndrome. 

Introduction
Severe acute respiratory syndrome coronavirus 1 and 2 (SARS-CoV-1) and (SARS-CoV-2) both enter human cells
through cell surface angiotensin-converting enzyme 2 (ACE2) receptors.1 SARS-CoV-1 downregulates ACE2, with a
subsequent increase in angiotensin II (ANGII) levels,2 which potentially creates a dysregulation with overactivation of
the Renin-Angiotensin-Aldosterone System (RAAS).3 The RAAS is a hormonal system contributing to the control of
circulating blood volume, blood pressure and is often pharmaceutically manipulated in hypertonic disease.4 Current
clinical management guidelines for the coronavirus disease 2019 (COVID-19) are mainly centered around the
assumption that SARS-CoV-2 directly results in an acute lung parenchymal disease.5,6 The possible underlying
mechanisms are thought to be viral acute respiratory distress syndrome (ARDS) and/or high levels of cytokines that
lead to a cytokine-release syndrome.5 However, although patients with severe COVID-19 can meet the ARDS Berlin
de�nition, several reports in the intensive care units (ICU) at our hospital, as well as described by others, have noted
relatively well-preserved lung mechanics which is not associated with a typical ARDS-pattern.6 Further, the levels of
pro-in�ammatory cytokines have been found to be lower than the levels expected during cytokine-release syndrome.7
Meanwhile, both preliminary reports from Wuhan and a larger retrospective cohort described that ANGII levels in
COVID-19 were markedly elevated and closely associated with lung injury, while renin levels were similar to controls;
strongly suggesting that plasma ANGII elevation was related to the SARS-CoV-2 infection.8,9 Furthermore, viral RNA
is seldomly detected in patient plasma, one study reported viremia in only 6/41 patients and 2/15 ICU patients.10
Despite the low viral detection, currently published histopathological reports have found end organ failure in the lung,
kidney, heart and small intestines, amongst others.11–16 We initiated this translational study to investigate the
degree to which a disturbance in the RAAS could possibly contribute to the pathophysiological syndrome of COVID-
19 and if the RAAS dysregulation could be corrected through therapeutic intervention.

Results

Retrospective imaging cohort
The clinical utility of computed tomography pulmonary artery angiography (CTPA) has been veri�ed for monitoring of
COVID-19 in our clinical setting, consistent with recent reports by other groups.17 We retrospectively analyzed all
consecutive CTPA examinations acquired at Karolinska University Hospital in Huddinge, Stockholm, Sweden, in
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patients with reverse transcription-polymerase chain reaction (RT-PCR) con�rmed SARS-CoV-2 infection. In total, 339
CTPA examinations were performed in 289 adult patients. Motion artifacts or other technical issues prohibited
pulmonary artery (PA) diameter measurements in 47 examinations, as measured by the gold standard reader, TG,
resulting in 292 analyzed scans. The mean PA diameter was 29.2 ± 4.3 mm (mean ± SD), with 174 of 292 (60%)
demonstrating abnormally wide PA diameter of ≥28 mm, suggestive of pulmonary hypertension.18 Pulmonary
macro-thrombosis/embolism was present in 56 of 336 examinations (17%, 3 scans were not interpretable due to
technical quality). We then analyzed a subset of the CTPA cohort that had also undergone echocardiography (n = 50).
Echocardiography indicated high PA  pressure: maximal tricuspid regurgitation velocity 3.0 ± 0.43 m/s (N=38; normal
reference ≤ 2.8); estimated systolic pulmonary artery pressure 47 ± 14 mmHg (N=38; normal reference < 36); right
ventricular out�ow tract acceleration time  57 ± 43 ms (N=17; normal reference > 100).19,20 Maximal tricuspid
regurgitation velocity and estimated systolic pulmonary artery pressure were not measurable in 12 patients due to
insu�cient tricuspid valve regurgitation Doppler signal.

These �ndings were corroborated by invasive pressure measurement obtained in a SARS-CoV-2 RT-PCR-positive 58-
year-old male ICU patient. A PA-catheter was placed on ICU day 25 and recorded systolic and diastolic PA pressures
of 51 ± 2.9 / 11 ± 3.2 mmHg (mean ± SD) and SvO2 of 62.4 ± 1.3 % (mean ± SD), both during the �rst hour after
placing the catheter. Upon admission to the ICU, the patient’s clinical chemistry values were PaO2 of 8.0 kPa
(reference range 8.0-13 kPa) and PaCO2 of 5.1 kPa (reference range 4.6–6.0), IL-6 of 95 ng/L (reference range <7),
TNF-α of 9.8 ng/L (reference range <12), C-reactive protein of 66 mg/L (reference range <3), AST of 0.53 μkat/L
(reference range <0.76 D-dimer of 0.26 mg/L FEU (age-adjusted cut-off <0.58 mg/L FEU).

Clinical chemistry characteristics of imaging cohort 
We retrospectively collected clinical chemistry data in the CTPA cohort based on the blood sampling closest to the
exam date, within ± 3 days from the �rst CTPA examination. The median of D-dimer was 1.13 (lower quartile 0.66,
upper quartile 3.0, reference range <0.5 mg/L FEU, n=257), �brinogen 6.3 (lower quartile 4.6, upper quartile 7.4,
reference range 2–4.2 g/L, n=91), interleukin-6 76 (lower quartile 38, upper quartile 151, reference range <7 ng/L,
n=147) and TNF-α 13 (lower quartile 10, upper quartile 19, reference range <12 ng/L, n=78).

MRI lung perfusion
A clinical MRI lung perfusion scan had been performed in a SARS-CoV-2 RT-PCR-positive 61-year-old male on ICU day
22 with an initial presentation to the ICU that included a PaO2 of 7.6 kPa (reference range 8.0–13 kPa) and a PaCO2 
of 3.6 kPa (reference range 4.6–6.0 kPa) by arterial blood gas; serum measurements of IL-6 154 ng/l (reference range
<7  ng/L), TNF-α  10.2 ng/L (reference range <12 ng/L), C-reactive protein 242 mg/L (reference  range <3 mg/L), AST
1.08 μkat/L (reference range <0.76 μkat/L) and D-dimer 0.94 mg/L FEU (age-adjusted cut-off <0.61 mg/L FEU). In this
MRI lung perfusion study, the maximum contrast bolus concentration in the PA came at 15 seconds after injection
and the maximum contrast bolus concentration reached the aorta after 20 seconds (Fig. 1). Using these values, we
calculated a time-to-peak (TTP) map of the lungs, describing how long the injected contrast took to arrive at a
speci�c area. The in vivo perfusion map presented in Fig. 1, demonstrates late contrast arrival, oftentimes later than
the aortic arrival time. To further understand these paradoxical values, we measured regions of interest in the normal-
appearing lungs without in�ltrates, as identi�ed by T2-weighted anatomical images.

The  peripheral  regions  of  the lungs did not receive a contrast bolus even 10 seconds after the contrast had peaked
in the aorta. We manually segmented the lung and calculated the fraction of the lung with contrast peak, or no



Page 5/12

contrast bolus at all, and found a ratio of 44% dysfunctional lung as de�ned by peak contrast enhancement after the
aorta, suggestive of microvascular occlusion.

Summary of clinical results
We found multimodal evidence of raised pulmonary artery pressure con�rmed by invasive pressure monitoring and a
lack of blood perfusion in functional MRI. In a cohort of patients undergoing CTPA examination, we found no clear
evidence of cytokine levels that are indicative of cytokine release syndrome, despite indication bias of sampling that
would potentially skew the cohort characteristics towards those patients most ill. To further explore the implications
of these �ndings, we turned to large animal experiments.

Large animal infusion of supraphysiological levels of angiotensin II
 It seemed highly probable that at least one part of the COVID-19 pathology involved vasculature disturbances and
the RAAS and we, therefore, designed a hypothesis-generating experiment where we infused ANGII in three sedated
swine targeting a systolic arterial pressure of 150 mmHg. Within �ve minutes, arterial and PA blood pressures started
to climb (Fig. S3). All three swine reached PA-systolic pressures exceeding 30 mmHg during the experiment and one
swine died of acute right ventricular heart failure with extensive pulmonary thrombosis/embolism. ANGII infusion
further induced a  rapid  decline  in  SvO2,  falling  below  50%  in  all  swine.  Trends  in  arterial  PaO2  were
downward and arterial PaCO2 was trending upwards (Fig S4). While performing an autopsy

on Swine #1, we found a 13 cm long pulmonary thrombus. To exclude embolization, we started screening for deep
venous thrombosis by ultrasonography but none were detected (Table S1). Samples for histology were acquired from
macroscopically wedge-shaped  blood discolored areas. After hematoxylin and eosin staining, we observed
thrombotic material in small vessels, thickening of alveolar septa and debris in the alveolar sacs.

We performed bleeding time assessments in Swine #2 and #3 with baseline bleeding times of 285 seconds and 255
seconds respectively. These were reduced to < 120 seconds after 90 minutes and remained low for the remainder of
the experiment. The von Willebrand factor activity (GP1bA) increased directly after the initiation of the infusion. In
this hypothesis generating experiment, D-dimer increased and paradoxically, �brinogen also increased or remained
unchanged despite increased D-dimer. IL-6 and TNF-α remained below the level of detection in all swine during the
experiment. Osmolality successively increased in all three swine by > 11 mosmol/kg. All clinical chemistry data is
individually represented in table S1.

Infusion of supraphysiological levels of ANGII, a model akin to “accelerating the RAAS” seems to produce a
remarkably unhealthy state in the swine. We hypothesize that COVID-19 patients have lost the “break” in the RAAS.
Therefore, we performed additional experiments blocking ACE2 by MLN-4760.

Large animal blocking of ACE2 with low rate infusion of
angiotensin II
We injected the ACE2 blocker MLN-4760 and started an infusion of ANGII in three additional swine. Increases in
systemic and pulmonary artery pressures were not as high as in the supraphysiological infusion group (Fig. S3).
Surface body temperature was the same, trends in PaO2  were downward and PaCO2 was trending upwards (Fig.
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S4). Macroscopically, large wedge-shaped  lung  areas  were  found  in  the  group  receiving supraphysiological
ANGII, highly suggestive of a more malignant model of disease by blocking ACE2. To further explore our hypothesis,
we then combined the MLN-4760 blocker with the supraphysiological  ANGII  infusion  regime.  This  leads  to a
severely malignant model with severe elevation of both systemic arterial and especially pulmonary arterial pressures,
that would not be long term compatible with life (Fig. S3).

Treatment Screening in a Large Animal Model 
To address the most common patient and lend mechanistic support to some of the on-going clinical trials we decided
that the MLN-4760 blocker coupled with low dose infusion of ANGII might represent a clinical situation that was not
as malignant as in the COVID-19 ICU patients, but could still simulate a COVID-19 patient in need of hospital
intervention. Hereafter, MLN-4760 coupled with low dose infusion of ANGII will be referred to as “the animal model”.
We decided to design a small study to test treatment with oral administration of 200 mg losartan, through an
orogastric tube, combined with subcutaneous administration of 10,000 IU of low molecular weight heparin.

We performed MRI lung perfusion and used the same de�nition for peripheral perfusion de�cit as in the patient, i.e. a
contrast bolus peak later than the aorta or no peak at all (Fig. 1). The untreated model exhibited a signi�cantly greater
fraction of non perfused lung at 17%, compared to the treated group at 9% (n=6, SD untreated 1.5%, SD untreated
1.7%,

0.95 CI for difference 5–12, p=0.003, two-tailed t-test, assumed equal distribution). While the placebo group suffered
a signi�cant decrease in O2-saturation in the arterial blood gases over the course of the experiment (-0.54/hour), the
treated group experienced no decline

(Fig. S4). The estimated difference between the groups was statistically signi�cant (n=6, difference between groups:
0.53/hour, .95 CI: 0.096 – 0.96, p=0.017, Linear mixed error-component model, model coe�cients in table S2). There
were no signi�cant differences in PaO2.

Furthermore, the PA diameter, as measured by MRI, was larger in the untreated model; 2.41 mm (SD ± 0.24) compared
to 2.21 mm (SD ± 0.24) in the treated group. This difference was not signi�cant (n=6, 0.95 CI for difference -0.3 –
0.72, p=0.32, two-tailed t-test, assumed equal distribution). These �ndings seem particularly interesting when
considering the clinical CTPA cohort and echocardiography sub-cohorts with COVID-19, where evidence of increased
pulmonary pressure, including widened PA-diameter, was observed.

During the initial hours of the animal model, no clear physiological difference could be observed between treated and
untreated groups, but after approximately 2 hours systemic pressures started to return to baseline and pulmonary
pressures never reached as high (Fig. S3). The estimated systolic PA pressure decreased signi�cantly faster for the
treated group compared to the untreated group which showed a trend towards higher systolic PA pressures during the
intervention (n=6, -0.44/h, 0.95 CI: -0.84 – -0.040, p=0.03, linear mixed error-component model, model coe�cients in
table S2).

D-dimer increased in both groups, by on average 0.027 mg/L FEU per hour in placebo and 0.022 mg/L FEU per hour in
the treated group. Notably, and congruent with the results from our hypothesis generating experiment, �brinogen also
increased for both groups, by 1.07 mg/L per hour in placebo and 0.47 mg/L per hour in the treated group (Table S1).
Bleeding times were also reduced as in the supraphysiological ANGII infusion groups.



Page 7/12

Echocardiography of two swine, one treated and one without treatment showed signi�cant abnormalities in the latter,
suggestive of pulmonary hypertension, with the same functional pattern as was observed in patients. The swine
without treatment showed right ventricular (RV) enlargement, interventricular septal �attening, tricuspid regurgitation
peak gradient > 30 mmHg, RV free wall hypokinesia and evidence of RV dysfunction.

We performed extensive histological analysis in both groups, and could con�rm the same type of pulmonary damage
as in the supraphysiological ANGII infused swine, predominated by a thickening of alveolar walls and debris
deposition (Fig. 2). We could further discern marked end-organ damage with micro-necrotic changes in the small
intestine and liver, as well as the kidney (Fig. 2).

Summary of preclinical results
We demonstrate that both “acceleration” and “loss of brake” of the RAAS, will lead to a pathophysiological phenotype
closely resembling that found in COVID-19. Furthermore, we use this model to test pharmacological treatments
currently under evaluation in clinical trials.

We show signi�cant improvement in lung perfusion, as measured by MRI, O2-saturation in the arterial blood gases
and PA-pressures providing mechanistic support for therapeutic strategies involving the RAAS and coagulation.

Discussion
Our results demonstrate a similar pattern between patients with COVID-19 admitted to the ICU and manipulation of
the RAAS in swine. ANGII has previously been used in the ATHOSIII clinical trial.21 Sub-analyses of this trial
highlighted important thrombotic and infectious complications associated with ANGII.22 If SARS-CoV-1 disturbs the
distribution of the ACE2-receptor to produce a subsequent increase in ANGII,2 it is likely that the same mechanism of
receptor disruption in SARS-CoV-2 leads to the effects displayed in this study. Manipulation of the RAAS in swine
through both “acceleration”, by infusion of supraphysiological levels of ANGII, or “loss of brake” by ACE2 blockade
and low-level infusion of ANGII, leads to a pathological phenotype closely resembling that of COVID-19. A recent
study of 82 individuals with COVID-19 showed a linear relationship between ANGII levels and clinical outcome.8 The
severely ill patients also had highly signi�cant increases in ANGII as compared to controls, while renin levels
remained similar, suggesting that the increase in ANGII is closely related to the SARS-CoV-2 infection. In light of that
study, our large animal model blocking ACE2, coupled with a low infusion of ANGII, seems like a highly plausible
model of the RAAS dysregulation in COVID-19, without directly infecting the animals with the SARS-CoV-2 virus. This
model has further relevance since viremia in patients is seldom found upon testing.10 The pathophysiological
syndrome of severe COVID-19 may, therefore, be explained as a downstream effect of a disruption of the RAAS, rather
than blood viremia itself, given our models of both “accelerating” and “removing the brake” lead to the same
panorama of end-organ damage as observed in the patients.

A hallmark of severe COVID-19 is a “ventilation pathology”. We show that this is very likely closely associated with
coagulopathy in the pulmonary circulation. Using lung perfusion MRI both in a COVID-19 patient and in our swine
model, without the virus, we demonstrated a reduction and in some areas likely cessation of blood �ow even in
absence of in�ltrates. We further support these �ndings using CTPA and echocardiography in a retrospective patient
cohort and link these with invasive pressure measurements in both patient and swine. Axial PA diameter
measurements have been found to be a relatively sensitive parameter for detecting even borderline pulmonary
hypertension with a sensitivity of 80% and a speci�city of 62%, when using a cutoff ≥28 mm.18 In combination, our
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�ndings provide multimodal evidence of an elevated PA resistance as a signi�cant �nding in COVID-19 patients and
lung perfusion abnormalities as evaluated by MRI in both patients and swine. Furthermore, after only a matter of
hours we measured upwards trending �brinogen, despite D-dimer elevations as well as increases in blood osmolality.
The same clinical chemistry �ndings were observed in the CTPA cohort, providing further clinical-chemistry linkage
between the patients and our animal models. Our results indicate that COVID-19 patients are prothrombotic, as
observed in the ICU,23 and that this may be caused by disruptions in at least two tenets of Virchow’s triad, including:
stasis in the pulmonary blood �ow by vasoconstriction and a hypercoagulable state with increased markers of �brin
release/synthesis, plasma coagulation, von willebrand activity and bleeding time. Other publications also suggest
endothelial dysfunction,11 a disruption of the third tenet of Virchow’s triad. Altogether, these �ndings support our
conclusion that severe COVID-19 is a vascular syndrome with a hypercoagulable state. If our assumptions are true, it
is important to continue targeting vascular/coagulation disturbances or the dysregulated RAAS in large clinical trials.
In a time of pandemic disease, we urge capable large animal laboratories to validate our �ndings and encourage
clinical centers with MRI capabilities to evaluate the potential diagnostic power of lung perfusion MRI and its value
as a readout for clinical trials. We will continue to model severe COVID-19 as a vascular syndrome to advance our
understanding of the pathophysiological mechanisms driving the disease and use this model for large scale pre-
clinical therapy evaluation.
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Figure 1

MRI of a patient with COVID-19 and swine with/without treatment showing severe peripheral perfusion de�cits. The
�rst column represents the patient with lung perfusion MRI, while the second represents a swine treated with MLN-
4760, an ACE2 blocker, and low dose ANGII infusion followed by a swine given MLN-4760, ANGII and treatment with
losartan and low molecular weight heparin. Top row: Anatomical coronal T2-weighted imaging used to ensure that
the regions of interest were placed in lung tissue with a normal-appearing T2 signal. Middle row: Coronal time-to-peak
(TTP) maps where the color lookup table is set so that blue corresponds to the contrast TTP in the pulmonary artery
and yellow the TTP in the aorta. Bottom row: Time Intensity curves in a region of interest in a hilar (yellow) and
peripheral (purple) region without in�ltrates. The blue and red vertical lines represent the pulmonary artery and aortic
peaks respectively. The TTP is delayed (even after the aortic peak) in both the patient and the untreated animal
model, suggestive of hypoperfusion. Meanwhile, in the animal model treated with losartan and low-molecular-weight
heparin, both the hilar and peripheral peaks occur before the aortic peak, as expected in normal physiology.

Figure 2

Macroscopic and microscopic �ndings in untreated swine with the ACE2 blocker MLN-4760 and low-dose angiotensin
II infusion. Lung with macroscopic infarcts (A). Thickened alveolar walls, occlusion of vessels and debris in micro
bronchi in low (B) and high (C), magni�cation. Small intestine, gas-�lled and partially distended (D), with
microscopically dark stained necrosis in the most distal microvilli in low (E) and high magni�cation (F), including
heavy in�ammatory in�ltration. Liver, macroscopically normal (G), with necrotic dark stained areas in the periphery
and around the central venule at low magni�cation (H), and high magni�cation (I). Kidney with macroscopically
multiple dark stained necrotic areas (J). Low magni�cation (K), and high magni�cation (L) showing a necrotic
bowman capsule.
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