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Emerging evidence of a COVID-19
thrombotic syndrome has treatment
implications
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Abstract | Reports of widespread thromboses and disseminated intravascular
coagulation (DIC) in patients with coronavirus disease 19 (COVID-19) have been
rapidly increasing in number. Key features of this disorder include a lack of bleeding
risk, only mildly low platelet counts, elevated plasma fibrinogen levels, and
detection of both severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and complement components in regions of thrombotic microangiopathy (TMA).
This disorder is not typical DIC. Rather, it might be more similar to
complement-mediated TMA syndromes, which are well known to rheumatologists
who care for patients with severe systemic lupus erythematosus or catastrophic
antiphospholipid syndrome. This perspective has critical implications for
treatment. Anticoagulation and antiviral agents are standard treatments for DIC
but are gravely insufficient for any of the TMA disorders that involve disorders of
complement. Mediators of TMA syndromes overlap with those released in cytokine
storm, suggesting close connections between ineffective immune responses to

SARS-CoV-2, severe pneumonia and life-threatening microangiopathy.

Infection of humans with severe acute
respiratory syndrome coronavirus 2
(SARS-CoV-2) forms a confusing picture

of variable clinical features and degrees of
severity across populations, ranging

from mild influenza-like symptoms to
life-threatening respiratory distress and
multiple organ failure'-". As this frightening
pandemic has spread rapidly throughout the
world, the sometimes contradictory reports
of its manifestations should be understood in
the context of the heterogeneous populations
that have been infected, and the immense
spectrum of genetic predispositions,
coexisting risk factors and pre-existing
medications that can hinder cohesive
understanding. One picture is coming into
better focus, however, which suggests that

an immune-triggered, complement-mediated
thrombotic microangiopathy (TMA) is
surprisingly common in patients with
coronavirus disease 19 (COVID-19). Like
the better known TMA syndromes, this
COVID-19-related syndrome is characterized
by organ failure caused by widespread
microclots in capillaries and other small

vessels. In this Perspective article, we review
the theory and evidence for a disease

model of complement-mediated TMA and
important implications for treatment.

Response to a new virus

The human immune system derives an
extraordinary diversity from the process
of reproduction, whereby random
reassortment of countless genetic variables
forms infinite numbers of unique host
defence formulations. This heterogeneity
is what protects us from the plethora of
rapidly mutating microorganisms that
relentlessly bombard us. When a new
virus arises for which no immunological
memory has developed, the complex and
sophisticated process of adaptive immunity
can take some time to mature. If, then, such
a pathogen eludes early control by innate
immune responses, a variety of ‘plan B’
immunological strategies could emerge
and dominate®"". These mechanisms
might include what has been referred to

as a ‘second wave’ of secreted IL-6 and
other cytokines, with further activation

of local immune cells®. Unfortunately,

a broadened and lengthened immune
response can become destructive to the host,
triggering concomitant tissue damage and
incitement of coagulation. The disturbance
is exacerbated by persistence of the infecting
agent or by the pathogen directly disrupting
immune responses''~", something that
SARS-CoV-2 is already suspected to be
capable of °. With the combined insults

of immune dysregulation by a virus

and overly prolonged but ineffective

host immune resistance, widespread
inflammation can develop, inducing
symptoms more suggestive of autoreactivity
than infection'*™". The net effect of each
person’s singular mosaic of inherited
immune variables upon encountering a
novel virus might depend, at least in part, on
unique features of the pathogen, its infecting
dose or its tenacity™'*.

Poor outcomes following any infection
are associated with older age, comorbid
conditions or concomitant medications
that have direct or indirect effects on
immunity. These variables can put host
defence checkpoints in disarray even prior
to encountering a pathogen'”. More rarely,
sudden, cataclysmic responses can also
occur in people who have no known risk
factors for a poor outcome. In such cases,
the peculiar properties of a certain virus
might turn out to be harmful only to the
minority of people who have inherited
imbalances of specific, circumstantially
relevant immune-modulating factors.

This model is consistent with findings
connecting Epstein-Barr virus exposure
and its serological reactivation with

onset and disease flares of systemic lupus
erythematosus (SLE)'>'*'®", establishing a
precedent for rapid onset of autoimmunity
at the time of exposure (or re-exposure)

to a pathogen.

Disproportionate thrombotic risk
Common clinical features reported early

in the COVID-19 pandemic included

fever, upper respiratory tract symptoms,
headache, fatigue, diarrhoea, shortness of
breath and pneumonitis'~>>'>%, consistent
with many other respiratory viral infections.
Ground-glass opacities were often

detected on chest CT in patients with

early COVID-19, even when respiratory
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symptoms remained absent or moderate;
it was observed that in patients with these
opacities the disease might progress over a
short time to a more obvious pneumonia****!
with respiratory failure and features of classic
acute respiratory distress syndrome (ARDS).
Lymphopenia was widely reported'~>*-** at
a greater frequency than observed for other
viral infections” and was associated with an
adverse prognosis, defined in one study as
admission to an intensive care unit (ICU),
ventilation requirement or death’.
In a case series of 416 Chinese patients
published in late March 2020, ~20% of
the patients had evidence of ischaemic
heart injury on the basis of elevated
concentrations of cardiac enzymes, and
this finding was coupled to more severe
pulmonary disease and death”. The
implications of this observation were
initially unclear because older age and
the presence of other comorbidities are
associated with more severe COVID-19
(REF.%), consistent with risk factors for
thrombosis in any ICU population®.
In one review of 1,026 patients with a
diagnosis of COVID-19 (REF.*), ~40% had
a history of comorbid conditions consistent
with a high likelihood of thrombosis.
However, even compared with the expected
rate of thrombosis in patients in ICUs*,
reports began to emerge around the world
confirming a disproportionate prevalence of
abnormal coagulation tests and thrombotic
events in patients with COVID-19, even
in those who were not in ICUs>**". The
characteristic laboratory findings in these
patients included elevated concentrations
of D-dimer, high concentrations of lactate
dehydrogenase (LDH), fibrin degeneration
products and fibrinogen, ubiquitously
elevated concentrations of C-reactive
protein and modestly low platelet counts.
The predominant lung involvement
in patients with COVID-19 had been
recognized from the beginning of the
pandemic to be accompanied by disorders
of the liver, kidney and gastrointestinal
system™'****, As case series began to
be published from around the world, it
became more clear that many of these organ
impairments were thrombotic in nature.
Furthermore, some of the patients who
experienced severe thrombotic events were
young people without known risk factors™.
Patients who had laboratory results
consistent with thrombotic risk were
more likely to be admitted to ICUs,
to require mechanical ventilation
and to die of complications, including
venous thromboembolism. A study of
184 patients with COVID-19 in ICUs"'

found a cumulative incidence of arterial
or venous thrombosis over a 2-week
period of 49%, with most thrombotic
events (65 of 75; 87%) described as a
pulmonary embolism, although their
frequent location in segmental or other
proximal (large) artery locations could
suggest local immunothrombosis. These
thrombotic events occurred despite
the patients receiving standard-dose
thromboprophylaxis. Comparing this study
with previous studies of general patients in
ICUs is difficult as the patient populations
and treatments tend to vary. However, as a
relatively comparable example, one study
found that the incidence of thrombosis
in patients in ICUs at high risk of deep
vein thrombosis who were receiving
thromboprophylaxis was 12%. Additional
evidence suggests that COVID-19-associated
thrombosis is clinically important, as it has
been directly associated with a higher risk
of death (HR 5.4, 95% CI 2.4-12)*".Ina
different study, involving 191 patients with
COVID-19 of differing severity, of whom
54 died, markedly elevated concentrations of
D-dimer were observed in 81% of those who
died as compared with 24% of survivors’.
Concentrations of high-sensitivity cardiac
troponin I, serum ferritin, LDH and IL-6
were also higher in non-survivors than
in survivors and were found to increase
as disease worsened, consistent with an
immune-mediated hypercoagulable state’.

In a retrospective study of 183 consecutive
patients with confirmed COVID-19 in
China®, non-survivors (11.5% of the
patients) had, on admission to hospital,
significantly higher concentrations of
D-dimer and fibrin degradation products,
longer prothrombin time and longer
activated partial thromboplastin time
compared with survivors. These findings
are consistent with classic disseminated
intravascular coagulation (DIC) — and
indeed 71% of non-survivors but only 0.6%
of survivors in the study met the criteria
for DIC — but only if the focus is limited
to these features and not to the relatively
modest thrombocytopenia and inconsistently
high fibrinogen levels reported”. In a
different study, a decline in serum LDH
concentration was associated with viral
clearance in recovering patients with
COVID-19 (REF¥). These findings, also
supported by others”, demonstrate an
untoward prevalence of markers for
some kind of microangiopathy, which are
associated with the persistence of virus and
with poor outcomes, including death.

A subset of patients with COVID-19,
including some young patients without

obvious predisposition to thrombosis,
seemed to develop severe gas exchange
abnormalities when all or most of their
lungs remained well-aerated*"*. This
profile would, of course, be more suggestive
of pulmonary vascular impairment

than the classic severe ARDS that was
thought to be responsible for most of the
pulmonary failure.

Over a brief span of time, multiple formal
and informal communications confirmed
the frequency of abnormal coagulation
markers and high rates of large-vessel and
small-vessel thromboses in patients with
COVID-19 (REFS**~?%). The pervasiveness
of life-threatening thrombotic events was
so striking to medical professionals that
they began to report them via numerous
news outlets*~**. Although thrombosis in
young people with COVID-19 remained
less common than in older patients, it was
occurring far too often to be dismissed as
an anomaly™”. The term ‘silent hypoxia’
was applied to describe observations of
markedly low oxygenation in the absence
of any, let alone severe, lung involvement™.
This state of low blood oxygen was
associated with oedema in the interstitial
and alveolar spaces of the lung, coupled with
a ventilation-perfusion mismatch®. That is,
oxygen enters the lungs but cannot diffuse
across the pulmonary vascular bed in a
clinical setting where multiple thromboses
are being reported. This finding is not
rare in patients with COVID-19, but it
is otherwise consistent with a severe and
widespread TMA.

There are numerous reports of high rates
of coagulation abnormalities in patients
with COVID-19, and it is widely considered
that these abnormalities are DIC arising
in the setting of SARS-CoV-2-induced
sepsis**>**, This interpretation is based on
the frequent finding of low platelet counts,
widespread thrombosis, metabolic acidosis
and significantly elevated concentrations of
LDH and D-dimer>'**>*>**=! However,
observations of additional features that are
more consistent with complement-mediated
microangiopathy are also frequent in the
literature, sometimes in papers that are
discussing DIC. Unlike in patients with
DIC, in patients with COVID-19, fibrinogen
levels are often high and platelets are
rarely more than slightly reduced. Despite
a few reports of prolonged prothrombin
or partial thromboplastin times*-*?,
these measures have been found to be
markedly abnormal in other studies****,
and clinically apparent bleeding episodes
have not been observed. Furthermore,
microangiopathic haemolytic anaemia
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has not been reported in patients with
COVID-19. Elevations in concentrations
of the complement-modulating acute
phase reactant C-reactive protein (which
can be seen in patients with DIC owing

to its association with sepsis) seem to be
ubiquitous in patients with COVID-19 and
are associated with a poor prognosis****"¥-,
Direct measurements of complement activity
or complement components are only rarely
reported in laboratory reviews of patients
with COVID-19, but one commentary
published in early April 2020 remarked

on a verbal report by Chinese cardiologists
of diffuse small-vessel occlusions in an
autopsy review of patients with COVID-19
who did not survive and suggested, despite
limited confirmatory data from other
studies at the time, that the pattern of
pathological findings was suggestive of a
complement-mediated TMA™.

The concept of viral sepsis® has been used
to describe some patients presenting with
symptoms resembling septic shock, with cold
limbs and weak peripheral pulses but lacking
hypotension. Given the assumption that
viral sepsis is the cause of COVID-19-
associated microangiopathy, as well as prior
descriptions of DIC associated with other
coronavirus infections*, DIC has continued
to be prominent in the interpretation of
the COVID-19-associated thrombotic
diathesis?***"*>*°_ However, the website
of the American Society of Hematology
has been updated several times, keeping
abreast of emerging reports that there are
elements of this microangiopathic syndrome
that are not the same as DIC*.

As of late April 2020, both the American
Society of Hematology and the American
College of Cardiology recommended that
all hospitalized patients with COVID-19
receive thromboprophylaxis unless they
have a substantial risk of bleeding’"*

(a hallmark of DIC despite not being reported
in COVID-19 populations). In theory,
heparin could be useful in both thrombosis
and sepsis, given its anti-inflammatory
properties, including inhibitory interactions
with multiple chemokines and complement™.
A meta-analysis confirmed decreased
mortality when low-molecular-weight
heparin was used in patients with
non-COVID-19 ARDS®. One study
suggested that heparin might possess

specific anti-viral properties by acting on

the SARS-CoV-2 spike protein, inducing

a conformational change to prevent viral
attachment®'. Although the clinical relevance
of this latter observation is unknown, the
theoretical case for using heparin in patients
with COVID-19 is strong.

Defining the thrombotic pathology
Whether multi-organ involvement is
an ancillary condition in patients with
COVID-19 who have multiple comorbidities
or is caused by an autoreactive thrombotic
disorder is a question that can be partially
addressed by review of the published
autopsy results that have become available.
Both of these possibilities may be correct as
anecdotal reports and the findings of small
published series indicate a range from diffuse
to minor microangiopathy or no evidence
of it, despite multi-organ involvement™***-**,
Unsurprisingly, when microangiopathic
changes were not seen in the organs
examined, this finding was associated with
evidence of comorbid conditions in those
organs’**'. However, microangiopathic
changes have also been seen in association
with evidence of comorbidity or additional
risk factors for thrombosis such as sepsis
and ARDS®. One study found diffuse
platelet microthrombi and megakaryocytes
in multiple organs in a series of seven
autopsies, suggesting frequent occurrence
of a TMA syndrome, but concluded that a
TMA syndrome was unlikely since kidney
glomeruli were only involved in one of
the autopsies®.

In a series of ten autopsies in Brazil®,
diffuse exudative alveolar damage with
only minor lymphocytic infiltration was
seen in lung tissue. The frequency of small
fibrinous microthrombi was high both in
areas of damaged lung and in regions that
appeared to be preserved. Fibrinous thrombi
were rarely observed in the renal glomeruli
and the vasculature of the skin. Another
autopsy study from China* included kidney
samples from 26 patients with COVID-19
who had died of respiratory failure. Complex
types of kidney damage were found, as
would be expected in a population with
concomitant diabetes mellitus, hypertension
and superinfections. SARS-CoV-2 was
identified in tubules and podocytes and
was associated with extensive acute kidney
injury. Neutrophil blockage of small vessels
and endothelial damage was also observed.
This autopsy series did not support a single
conclusive model for pathology in the kidney,
but microangiopathic vessel occlusions were
nevertheless found. Hypoxia, proteinuria
and multi-organ failure were also reported
frequently in the histories of these patients®.

Magro et al.”” examined skin and
lung tissues from five patients from the
USA with COVID-19 associated with
respiratory failure, three of whom had
purpuric skin rash. The lungs were
described as minimally inflammatory with
fibrin deposits in the septal capillaries and

neutrophil infiltration into inter-alveolar
septa. There was diffuse alveolar damage
with inflammation, and pneumocyte
hyperplasia, but these features were not
thought to be characteristic of typical
ARDS. Additionally, deposits of terminal
complement components C5b-9 (membrane
attack complex), C4d and mannose-binding
lectin-associated serine protease were
identified in the microvasculature of the
lung; these deposits were interpreted

as demonstrating systemic activation

of both the alternative and lectin-based
complement pathways. Meanwhile, the
purpuric skin lesions showed a minimally
inflammatory thrombogenic vasculopathy,
and deposition of C5b-9 and C4d was
found in both affected and unaffected skin.
In samples from two patients, COVID-19
spike glycoproteins were found, along with
C4d and C5b-9, in the inter-alveolar septa
and the cutaneous microvasculature. The
authors concluded that this manifestation
of tissue damage, found in all five of these
patients, was consistent with a “catastrophic
microvascular injury syndrome mediated
by activation of complement pathways”®.

Widespread complement activation
in post-mortem lung biopsies has also
been reported in a non-peer-reviewed,
pre-print publication from China®.

In this study, staining with 20 antibodies
detected multiple complement components
in lung tissue from patients with COVID-19,
and serum concentrations of C5a were
increased in patients with COVID-19 while
alive, with more prominent increases in
those with severe disease.

In a comparison® of post-mortem lung
tissue from seven patients with COVID-19,
seven patients who died from pneumonia
during the 2009 HINT1 influenza pandemic
and ten non-infected donors, samples from
patients with COVID-19 and samples
from patients with HIN1 influenza had
diffuse alveolar damage; however, in the
samples from patients with COVID-19
capillary microthrombi were nine times
as prevalent as in those from patients with
HINI influenza. Angiotensin-converting
enzyme 2 (ACE2) receptors were identified
on endothelial cells of these samples from
patients with COVID-19, associated with
viral invasion and endothelial damage.

In an autopsy series of ten African
American patients from New Orleans,
USA, with COVID-19, including some
with evident ARDS, thrombosis of small
lung vessels was identified in all ten
patients with prominent evidence of
microangiopathy®; on the basis of test results
obtained while they were still living, this
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microangiopathy was not DIC as the patients
did not have severe thrombocytopenia or
prolonged coagulation times.

Taking into consideration these emerging
autopsy reports from a diverse range of
patients, it seems that TMA associated with
COVID-19 is not rare. The small-vessel
pathology of COVID-19 has several
important differences from DIC that are
prominent, both in these reports and in
patterns of coagulation-related blood
abnormalities, and suggest a condition closer
to complement-mediated TMA syndromes,
as was suggested even prior to some of the
most recent evidence®. If COVID-19 is
inducing a complement-mediated TMA
that is more common and/or extensive than
expected even in severe viral pulmonary
conditions, this has critical implications
for treatment.

TMA syndromes: a spectrum

TABLE | summarizes the similarities and
differences between COVID-19-associated
coagulopathy, DIC and other TMAs, including
catastrophic antiphospholipid syndrome

(CAPS), haemolytic uraemic syndrome
(HUS), atypical HUS (aHUS) and thrombotic
thrombocytopenic purpura (TTP)*0-513%657,
However, these differences are not absolute.
Overlapping features among all of these
syndromes are known to occur, and
differentiating between these TMAs can
be difficult at times.

DIC typically involves disorders
at multiple levels of the coagulation
and fibrinolytic systems, which lead
to a consumptive coagulopathy that is
characterized by both excessive thrombotic
activity and low levels of fibrinolytic and
anticoagulant factors™. Activation
and consumption of platelets can lead
to concomitant thrombosis and bleeding,
which is not a major feature of other
TMAs although it can be seen in TTP and
SLE. Conversely, activated complement
and platelet thrombi are central to the
pathogenesis of most of the non-DIC
TMAs®77377, suggesting that complement
is an important integrative factor in these
thrombotic diatheses. As reviewed here,
COVID-19 pathology, like the non-DIC

TMAs, seems to involve complement
and platelet activation without the extent
of platelet consumption observed in DIC.
Certain TMAs are worth discussing
in the context of SARS-CoV-2 infection:
CAPS’”?, which is sometimes preceded by
infection; HUS™*7%, which is incited by the
bacteria-related Shiga toxin”*”>; and aHUS,
which involves inherited complement
variants”. In patients with COVID-19,
the complement pathology, the lack of
reports of haemolytic anaemia or bleeding,
and the rapidly progressive multi-organ
decompensation with both large-vessel
and small-vessel thromboses is strongly
suggestive of a CAPS-like or aHUS-like
disorder’”>’*”*, There are also preliminary
reports that patients with COVID-19
exhibit the autoantibodies associated
with CAPS, including lupus anticoagulant,
anti-p2-glycoprotein I (B2GPI) antibodies
and anticardiolipin (aCL) or other
antiphospholipid (aPL) antibodies™”*.
However, in patients tested for lupus
anticoagulant, background anticoagulation
therapy was either not reported or was

Table 1| Comparison of COVID-19 coagulopathy and other TMA syndromes

Feature COVID-19
Microthromboses Yes
Multi-organ involvement Yes
Complement activation Yes

Low platelet counts Mild
Schistocytes No
Neurological involvement Yes
Renalinvolvement Yes
Gastrointestinal symptoms Yes
Cardiac involvement Yes

High LDH Yes
Prolonged coagulation time Sometimes
High concentrations of D-dimer ~ Yes

Lupus anticoagulant or aPL

Fibrinogen concentration High
Bleeding No
Association with known infection ~ Yes

Response to plasmapheresis or
plasma exchange

Treatments

Preliminary reports?

Preliminary reports?

CAPS HUS? Atypical HUS® TTP or autoimmune DIC
(SLE) TTP

Yes Yes Yes Yes Yes

Yes Yes Yes Yes Yes

Yes Yes Yes Yes No

Mild Low Low Very Low Very Low
Rare Yes Yes Yes Yes

Yes Rare Rare More common Yes

Yes Yes Yes Yes Rare

Yes Yes Yes Yes Rare

Yes Rare Rare Yes Rare

Yes Yes Yes Yes Yes
Sometimes® No No No Yes

Yes Yes Yes Yes Yes

Yes Rare Rare Yes Rare
Normal Normal Normal Normal Low

No No No Rare Yes
Sometimes Yes Sometimes Rare Yes

Yes Yes Yes Yes Not used

Anticoagulation, resolution of underlying cause if possible, targeted complement inhibition,

steroids, other immune suppression, plasma exchange, IVIG

Anticoagulation
plus resolution
of the underlying
cause

COVID-19-associated thrombosis and thrombotic manifestations include characteristics more similar to those for some of the complement-mediated TMAs than
those for DIC?*0-2286575 gPL, antiphospholipid antibodies; CAPS, catastrophic antiphospholipid syndrome; COVID-19, coronavirus disease 19; DIC, disseminated
intravascular coagulation; HUS: haemolytic uraemic syndrome; IVIG, intravenous immunoglobulin; LDH, lactate dehydrogenase; SLE, systemic lupus erythematosus;
TMA, thrombotic microangiopathy; TTP, thrombotic thrombocytopenic purpura. ?Induced by Shiga toxin. ®Induced by genetic variants of complement components.
°In CAPS, prolonged coagulation time is an artefact of lupus anticoagulant, usually involving antibodies to prothrombin. 4Preliminary reports of high incidence of
aPL and responsiveness to plasma exchange in patients with COVID-19 remain to be confirmed.

584 | OCTOBER 2020 | VOLUME 16

www.nature.com/nrrheum



common™”’, although some of the test
protocols included heparinase which would
have decreased the rate of false-positive
tests in patients taking heparin. The titres
and isotypes of the aCL and anti-B2GPI
antibodies were not known®, nor was the
autoantibody status of the patients prior

to COVID-19. aPL antibodies could be
pathogenic or innocent bystanders in
thrombophilic conditions, and in viral
infections concentrations of aPL antibodies
are frequently transiently elevated®'.
Moreover, lupus anticoagulant is common
in patients admitted to ICUs*, as these
antibodies can be associated with sepsis
and/or catecholamine treatment. At present,
the clinical relevance of these antibodies is
unknown, and further research in this area
might be valuable.

The finding of SARS-CoV-2 in specific
regions where microangiopathy was
observed®”® suggests that this virus might
be directly participating in the thrombotic
diathesis, similar to the well-established
pathology of Shiga toxin-mediated
HUS™*”. Additionally, certain other TMA
syndromes are sometimes associated with
infections or infection-associated immune
responses. Distinguishing the different TMA
syndromes is often difficult as the differential
diagnosis is based on whether they arise
from genetic predisposition, infection or
autoimmunity, which may be difficult to sort
out, while the clinical and pathophysiological
features overlap greatly. This enigma is
illustrated by the recent identification of
variants in complement regulatory genes
(a hallmark of aHUS) that are associated
with the autoimmune syndrome CAPS®.
Distinguishing aHUS from SLE or aPL-related
microangiopathic disorders is generally
difficult because complement activation
and overlapping pathologies are important
features of all of these disorders’""*. This
might be best considered a spectrum disorder
rather than a list of independent diseases.

COVID-19 TMA pathogenic model
FIGURE 1 illustrates a suggested disease model
that begins with damage to pneumocytes
and the adjacent small-vessel endothelial
cells of the lung by invasion of SARS-CoV-2
and ensuing innate immune activation,
which leads to release of tissue factor®.

This stage of disease could be similar to

the inciting events in DIC*. However,
SARS-CoV-2 could be instigating a much
stronger inflammatory response than is
typical in DIC, including induction of a
wider variety of cytokines (such as IL-6), and
with pro-coagulant effects and complement
activation and/or deposition suggestive

of the CAPS-HUS spectrum of TMAs.

A virus can establish itself by impairing
the host immune response through various
mechanisms'?, and this destabilization of
immunity might help trigger or perpetuate
a bidirectional immune-coagulation axis.

Viral invasion into lung epithelial cells
will attract monocytes and neutrophils at
an early stage of SARS-CoV-2 infection,
accompanied by activation of type I
interferons as part of the innate immune
response, which in turn contribute to a
hypercoagulant state®. The ACE2 receptor
is the major portal of entry of SARS-CoV-2
into cells and, in addition to being located
on lung and endothelial cells, this receptor
is known to be expressed in the liver, in
kidney proximal tubules and throughout
the gastrointestinal tract*’. The fact that
these organs are the same ones impaired
by microthrombi during COVID-19 does
not prove that SARS-CoV-2 directly induces
organ damage or microangiopathy in
every case of organ dysfunction. However,
circumstantial evidence from a series of
patients with COVID-19 located the virus
in the small blood vessels that feed these
same organs®’. This coincidence could
involve opportunity meeting a prepared
dysfunctional organ that happens to contain
the requisite ACE2 receptors, helping to
trap the virus (or to be entrapped).

As monocytes also express ACE2
receptors, the virus could enter these
cells by that route or via more generalized
phagocytosis, potentially impairing
macrophage function, as has been described
for other coronaviruses'. T cells then arrive
to interact with antigen-presenting cells,
initiating the adaptive immune response®,
although this process cannot be as efficient
as it would have been if immunological
memory had been established following
previous exposure to SARS-CoV-2 or a
sufficiently similar pathogen. Disordered
T cell subsets or decreased T cell efficiency
can lead to more severe disease, viral
persistence and enhancement of the circular
inflammation-thrombotic synergy. In the
setting of a less-than-effective immune
response, increasing inflammation
contributes to a worse and more widespread
coagulopathy within the blood vessels that
are serving an infected organ.

Complement activation is a crucial part of
the type I interferon-driven innate immune
response to viruses and provides a common
denominator between the pathogenesis of
the COVID-19-associated microangiopathy,
other TMA syndromes and the likelihood
of progression to ARDS in patients with
COVID-19 (REFS**¥). Additionally, in a

pre-publication summary available online®,
it has been reported that the nucleocapsid
protein on several related coronaviruses,
including SARS-CoV-2, can bind directly
to an important protease in the lectin
complement pathway. If confirmed, this
finding could explain complement activation
in patients with or without a propensity for
abnormal complement responses®**1>3-55627,
but remains to be confirmed.

The sequence, degree and rate by
which an initial innate immune response
proves ineffective and SARS-CoV-2
infection progresses along a continuum
to microangiopathy, cytokine storm and/or
ARDS differs from patient to patient®'" and
might depend on both the viral dose and the
unique features of an individual’s immune
response. This variance could explain why
some patients can develop lung perfusion
abnormalities in the absence of a ventilation
defect whereas others progress directly to
a more classic pneumonitis. Regardless of
how these events play out in an individual
patient, both the TMA of COVID-19 and
other events that may occur early in an
innate immune response, such as the
activation of immune cells, IL-6 and IL-1,
are immune factors that are also associated
with ARDS in some patients with very
severe disease®. All of these factors are likely
to be contributing synergistically to the risk
of macrothrombosis and microthrombosis
in both early and late disease.

Implications for treatment
Owing to concerns about the effects
of immune suppression in patients
with ARS-CoV-2 infection and many
comorbidities at high risk of severe disease,
the use of potent, targeted immune
modulators or globally immunosuppressive
treatments have largely been considered
only for patients with advanced disease®.
However, given that the standard of care for
patients with non-DIC TMA syndromes
includes strategies to modulate the immune-
coagulation axis (such as plasma exchange
and intravenous immunoglobulin (IVIG)) and
frank immunosuppressive strategies
(for example, treatment with steroids,
rituximab or complement inhibitors)®”' ",
earlier treatment with similar strategies
might be appropriate in a subset of patients
with COVID-19-associated TMA. In these
patients, waiting for respiratory compromise
or cytokine storm to develop might be too late.
Treatment options for COVID-19 are
currently drawn from a confusing jumble
of ongoing randomized trials superimposed
on a much larger minefield of published
anecdotes, small uncontrolled case series
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Fig. 1| A model of COVID-19 microangiopathy pathogenesis.
On the basis of emerging literature on the coagulation disorders and
blood vessel pathology in patients with coronavirus disease 19
(COVID-19)0121822-24,32.41,55-5162-68.815687 e hypothesize a unique thrombotic
microangiopathy (TMA) syndrome that is non-identical to other TMAs but
shares key features with complement-mediated TMA conditions that involve
infection-induced, organ transplant-related, autoimmune-mediated or
inherited disorders of the complement system’*’>*’>, The SARS-CoV-2 virus
probably enters alveolar pneumocytes through the respiratory tract and can
also infect adjacent endothelial cells that supply the lungs and other organs
that express angiotensin-converting enzyme 2 (ACE2) receptor, the receptor
for this pathogen. As would be expected, this invasion triggers a rapid innate
immune response by neutrophils and macrophages, activated in large part
by type | interferons. If this process is inefficient, or if the adaptive immune

response is delayed (owing in part to SARS-CoV-2 being a new infectious
agent for which immunological memory has not been established),
substantial damage might occur in capillaries or other small vessels sur-
rounding the alveolar spaces, activating a pro-coagulant state. With further
persistence of virus, complement-initiated damage to vessels intensifies,
and inflammatory cells induce a wider and stronger burst of cytokines,
including IL-6, which supports a bidirectional promotion of the immune—
coagulation axis. This process might or might not develop into a viral sepsis
with full-blown cytokine storm and pneumonia, but often does. A life-
threatening coagulopathy is not rare in this COVID-19-associated throm-
botic syndrome?®?"#-13 characterized by microthrombi in small vessels
and/or rapidly progressive thromboses in both large and small vessels in
multiple organs. MASP, mannan-binding lectin serine protease; MBL;
mannose-binding lectin; TF, tissue factor.

and studies with control groups that are
historical, non-blinded or non-randomized.
Although steroids were found to be
ineffective in earlier studies, moderate-dose
dexamethasone has been found to modestly

lower the risk of death in patients receiving
oxygen or mechanical ventilation and is now
in wide favour in clinical pratice’***".

The theories supporting the use of
targeted immunomodulatory treatments are

sound, but the evidence for this approach
is weak and the pitfalls are unknown. For
example, it is unclear if the IL-6 antagonist
sarilumab, which failed in a recent trial”’,
is ever likely to have a substantial effect
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on a multifaceted cytokine storm or a
TMA syndrome without the addition of
other agents, despite the likelihood that
IL-6 has a key role in both'*. Selection of
appropriate patients and choosing the

best timing could also be important when
considering immunosuppression. Whether
giving biological agents early in the disease
is too risky is unknown, although a small
case series from New York suggests that
the rate of hospitalization among patients
with rheumatic disease and COVID-19
taking biological agents was not higher
than has been reported in the general
population®. Given the extreme urgency
of a TMA, however, the better choice might
be to start patients with features of TMA
on the broad-spectrum strategies that are
already known to work for TMA syndromes
and that would, at least in theory, have a
more comprehensive impact on cytokine
storm than biological agents that target
individual cytokines.

Evidence for using inflammation-related
TMA syndromes as a model for treating
any subset of patients with COVID-19
is scant. However, there is quite a lot of
evidence that treating the SARS-CoV-2
coagulopathy as DIC is not sufficient.
Anticoagulants are generally acknowledged
to be helpful*~*>*¢7 but the incidence of
thrombosis and death remains high**”*.

It has been suggested that in patients with
severe disease and pre-existing deposits

of fibrin in the lungs, inducing local
fibrinolysis might be wise”. Two anecdotal
reports suggest that tissue plasminogen
activator seems to be clinically helpful

as a treatment for COVID-19-associated
ARDS*?. Currently available antiviral
treatments have also demonstrated modest
efficacy. In an uncontrolled case series of
hospitalized patients with COVID-19 who
had hypoxia, clinical improvement was
documented in 36 of 53 patients treated with
remdesivir”. As reported in a press release,
an NIAID trial of remdesivir met its primary
efficacy end point, but the benefits were
limited to the achievement of faster recovery
time without affecting the rate of death™.
Whether the modest efficacy of remdesivir
is attributable to constraints on this agent as
an anti-SARS-CoV-2 treatment, suboptimal
timing or dosing or the possibility that
established disease requires more than

an antiviral approach is unknown.

A few reports of agents with some
evidence base in complement-mediated
TMAs have been published in the
COVID-19 literature. Complement
inhibition is currently in favour for the
treatment of most of the non-DIC TMA

syndromes following a number of
uncontrolled case reports or patient

series showing dramatic responses that
would not have been obtained with
anticoagulation alone”'"’. These reports
are consistent with results in another
complement-mediated disorder, paroxysmal
nocturnal haemoglobinuria'”'. Several
preliminary anecdotal reports suggest
good outcomes in patients with COVID-19
after use of the C5 inhibitor eculizumab,
the C3 inhibitor AMY-101 or an anti-C5a
antibody'**~'", but these early observations
must not be over-interpreted at this time.
One interesting commentary, which

made a persuasive case for a complement-
mediated pathogenesis of COVID-19
based on evidence from murine models,
suggested the therapeutic possibilities of
combining complement inhibition with an
anti-IL-6 approach®. The use of IVIG for
the treatment of COVID-19 has also been
reported anecdotally, and several patients
have been reported to have recovered
promptly after receiving IVIG during a
stage of rapid deterioration'”. Another
patient with COVID-19 recovered after
receiving plasma exchange followed by
IVIG'*. Plasma exchange is a safe and
effective treatment for a compromised
population and is standard of care in

those with complement-mediated TMA
syndromes®'”". A paper from China

has provided anecdotal evidence of the
beneficial effects of plasma exchange in
patients with severe COVID-19 (REF.'%).
No conclusions can yet be drawn from
these early, uncontrolled observations.

The purpose of plasma exchange is to
remove thrombogenic and anti-fibrinolytic
molecules and cytokines associated with
a TMA condition. Replacing the removed
volume of plasma with normal plasma might
also replenish any deficiency of natural
anticoagulant or pro-fibrinolytic molecules
that are depleted in DIC-like consumptive
coagulopathy. However, plasma exchange
has not become standard practice for the
treatment of DIC and seems to generally
be considered unnecessary in that condition.
In one study of patients with TMA,
plasma exchange was associated with faster
resolution of organ failure and improved
survival compared with plasmapheresis®,
suggesting that the replacement of plasma
might be an important aspect of the
treatment, unlike plasmapheresis, which
simply removes pathogenic elements from a
patient’s own plasma which is then put back
into the patient. Plasma exchange can also
specifically reduce IL-6 and IL-1f in patients
with septic shock'*-'*2, This could make

it a feasible and safe supplement or even
alternative to global immune suppression
for a range of patients with COVID-19 and
hypoxia due to microangiopathy and/or full
blown ARDS. Furthermore, plasmapheresis
membranes could activate complement

and platelets, making it potentially less
desirable as a vehicle for removing unwanted
blood factors'". Plasma exchange might
provide a particularly attractive vehicle

for a multi-therapeutic approach by using
plasma from convalescent patients with
COVID-19 as the replacement source.

Conclusions

A substantial subset of patients with
COVID-19 are dying with a severe TMA,
arising in association with viral invasion
of endothelial cells and triggering a robust
innate immune response with widespread
activation of immune cells, cytokines

and complement activation. The range

of clinical, laboratory and pathological
findings reviewed here confirms a diffuse,
small-vessel microangiopathy similar to
complement-associated TMA syndromes.
This COVID-19-associated TMA can

be accompanied by full-blown viral

sepsis, cytokine storm and/or advanced
inflammation in the lungs, which would
probably synergistically increase the risk
of thrombosis. The COVID-19-associated
thrombotic syndrome is a novel condition,
which might be described as SARS-CoV-2-
incited, complement-mediated TMA with
or without cytokine storm. However,
patients with this syndrome rarely receive
interventions that are known to be effective
for dangerous TMA conditions.

Of course, there is little direct evidence
that treatments for TMA are effective for
the COVID-19-associated thrombotic
syndrome. However, any other patient
with a complement-mediated TMA would
be recognized as being in imminent peril,
requiring prompt institution of multiple
decisive interventions. These interventions
would include anticoagulation and antiviral
treatment (as would be used for DIC),
as well as complement inhibition or more
broad-spectrum immune suppression,
plasma exchange and/or IVIG. Whether
one or all of these approaches should be
considered for all patients with COVID-19
and clinical laboratory evidence of TMA
before severe hypoxia develops or progression
to a cytokine storm is unknown; however, to
ignore these options could be unwise.

An opinion piece published on
27 April 2020 in the New England Journal
of Medicine'"* appropriately cautions
clinicians not to over-interpret newly

NATURE REVIEWS |

VOLUME 16 | OCTOBER 2020 | 587



PERSPECTIVES

acquired, anecdotal or uncontrolled data.
However, most recommendations for

the treatment of COVID-19 issued by
medical associations are evolving and are
based on the best evidence available at any
given time, the limitations of which are
fully acknowledged*"*>*. Just as feverishly
embracing results of imperfectly conducted
studies is ill-advised, attention must be
paid to the burgeoning literature on this
new virus, and all emerging information
should be considered, albeit with a critical
eye. Meanwhile, much of the treatment
given today to hospitalized patients with
COVID-19 is far more empirical than

the suggestion to use standard of care for
TMA for patients who show signs of this
life-threatening condition.
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