


















been described, including the one caused by autoanti-
bodies to aquaporin 4. This particular form has been
shown to be highly complement-dependent and is now
the latest of the four diseases approved by the FDA for
routine treatment by eculizumab with so far good
results (Frampton, 2020). Autoimmune uveoretinitis
has also been efficiently treated experimentally with
complement inhibitors (Chen et al., 2010; Copland et al.,
2010), and, probably most surprisingly, glaucoma has
come on the list of candidates for treatment because of
promising experimental results (Howell et al., 2013;
Reinehr et al., 2019).
4. Kidney Diseases. For a long time, it has been

recognized that the pathogenesis of many kidney dis-
eases is closely associated with complement activation
(Thurman, 2020). More than 50 years ago, it was shown
that the complement system is activated in the glomer-
uli of patients with immune-complex glomerulonephri-
tis (Lachmann et al., 1962; Verroust et al., 1974). Over
the last 15–20 years it has also become clear that the
complement system is not only important to the path-
ogenesis of many nonimmune complex–mediated kid-
ney diseases but also the primary driver in diseases,
such as atypical hemolytic-uremic syndrome and C3

glomerulopathy (C3G) (Bu et al., 2014; Xiao et al., 2014).
Certain kidney diseases are, therefore, a prime objec-
tive for complement-targeted therapy. Some examples
of those that are expected to benefit from complement
therapy are discussed below.

Hemolytic-uremic syndrome (HUS) is an ultra-rare
disease defined by the triad of mechanical hemolytic
anemia, thrombocytopenia, and acute kidney injury
(Avila Bernabeu et al., 2020). Typical forms of HUS
are related to infection by Shiga toxin–producingE. coli,
whereas the atypical form of HUS termed aHUS is due
to defects in alternative complement activation path-
way (Avila Bernabeu et al., 2020). In 50%–60% of aHUS
cases, genetic variants in proteins regulating the alter-
native pathway of complement are found, but it is a clear
consensus that absence of molecular finding does not
exclude an alternative pathway deregulation. The most
commonly affected genes are factor H, factor I MCP
(CD46), and thrombomodulin, but acquired autoanti-
bodies like antifactor H in association with inherited
deletion of particularly the factor H–related one to three
genes might also be a cause of aHUS. Conversely, gain-
of-function mutations in factor B or C3 are also a cause
of aHUS because of increased alternative pathway

Fig. 5. Immunohistochemically detected deposition of complement in tissue. (A) C5aR1 antagonist (PMX205) reduces microglial cells (IBA-1) and
CD68 surrounding amyloid plaques in an Alzheimer disease mouse model. Representative hippocampal images of ThioS (fAb green), Iba1 (microglia,
blue), and CD68 (lysosomal marker, red) in 15-month-old Tg2576 after treatment with the C5aR1 antagonist PMX205 (B1-B4) or untreated (A1-A4) for
12 weeks. C5aR1 antagonist treatment showed reduced microglial cells (IBA, blue) surrounding amyloid plaques (ThioS, green) and accompanied by
a reduction of the lysosomal marker CD68 (red). Courtesy of Angela Gomez-Arboledas. (B) Deposition of C5b-9 in a porcine glomerulus from a case with
factor-H deficiency and C3 glomerulopathy presented as dense deposit disease (kindly provided by Professor Johan Høgset Jansen). (C) C4d deposition
in peritubular capillaries in a kidney undergoing acute antibody-mediated rejection (kindly provided by the Department of Pathology at Oslo
University Hospital).
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activity surpassing the capacity of regulators of the
complement activation. There are pathogenic genetic
variants not related to the complement system, such as
diacylglycerol kinase «, which is an endothelial cell and
podocyte protein causing aHUS in small children. So far
aHUS is the only approved complement-targeted in-
dication for kidney diseases.
C3G is a rare group of kidney diseases with a poor

long-term outcome (Ahmad and Bomback, 2020). It can
be further divided into two forms: C3 glomerulonephri-
tis (C3GN) and dense deposit disease (DDD). Both
diseases are characterized by C3 glomerular deposits
detected by immunofluorescence. Fig. 5B shows de-
position of C5b-9 in a glomerulus from a DDD case.
C3GN and DDD are difficult to distinguish from each
other based on light microscope and immunofluores-
cence investigation. However, in electron microscopy
that is mesangial and/or subendothelial, intramembra-
nous and subepithelial deposits are seen in C3GN,
whereas dense osmiophilic deposits are present along
the glomerular basementmembranes and in themesan-
gium in DDD. Both C3GN and DDD are distinguished
from immune complex–mediated glomerulonephritis by
the lack of immunoglobulin staining in immune fluo-
rescence, and both are characterized by dysregulation of
the alternative pathway, thus being mainly
complement-driven. A major subset of C3G arises from
so-called NeFs, which as mentioned above are autoanti-
bodies stabilizing the convertases and have been char-
acterized recently as C4, C3, and C5 NeFs, which react
with the different convertases surpassing the effect of
complement regulatory proteins. Finally, C3 glomerul-
opathy can be due to genetic mutations, affecting genes
that encode for complement components or regulators.
The most important seem to involve factor H–, factor I–
and factor H–related proteins. The C3Gs are candidates
for complement therapy, but the heterogeneity of the
etiology behind the diseases implies that the therapeu-
tic effect may vary (Nester and Smith, 2016).
IgA nephropathy is the most common form of glomer-

ulopathies worldwide (Hassler, 2020). Its clinical pre-
sentation varies, but it often includes proteinuria and
hematuria. The disease is associated with aberrant
O-glycosylation of mucosal IgA1 with galactose-
deficient IgA1 (Gd-IgA1), which plays a pivotal role in
the progression of this nephropathy. Although there are
genetic, ethnic, and environmental factors involved in
the pathogenesis of IgA nephropathy, the exact etiology
remains unknown. A multihit model has been sug-
gested to explain the cause of the IgA nephropathy:
An increased serum concentration of Gd-IgA1 (hit 1) can
be recognized by overproduced variable heavy-chain
autoantibodies, such as IgG or IgA (hit 2), inducing the
formation of circulating pathogenic immune complexes
(hit 3). These immune complexes will finally deposit on
the renal glomeruli (hit 4). This deposition triggers
complement and cell activation, cytokine release, and

extracellular matrix expansion (Tortajada et al., 2019).
Hence, IgA nephropathy is considered as a unique
autoimmune disease whereby the pathogenesis may
be driven by an autoantigen (Gd-IgA1) eliciting an
autoantibody (IgG antiglycan) response.

Over the past years, increasing information from
findings in kidney biopsies has emerged on the in-
volvement of complement activation in both progression
of native IgA nephropathy and after a renal allograft.
Several lectin and alternative pathway components
have been shown to codeposit in the glomerular deposits
in these diseases (Floege and Daha, 2018). Components
from the alternative pathway, such as C3, properdin, or
factor H, or from the lectin pathway, such as MBL alone
or in combination with MASPs, ficolin-2, C4d or C4BP,
are a consistent finding in kidney biopsies (Roos et al.,
2006). Nonetheless, no strong involvement of the clas-
sical pathway has been associated yet (Suzuki et al.,
2011). Besides the glomerular deposition of complement
components, abnormal circulating levels, or genetic
variations in C3, MBL, factor H, MASP-3, and factor
H–related protein-5 have been associated with the
severity of the prognosis. Based on this, there is a strong
momentum to focus on intervention of complement
activation in IgA nephropathy, as several studies have
been initiated or are in the planning phase currently.
For instance, an oral C5aR inhibitor, an oral factor B
inhibitor, or an MASP-2 inhibitor are a few examples of
phase-II/III ongoing studies on IgA nephropathy. Thus,
IgA nephropathymay be one of the kidney diseases that
is a candidate for complement inhibition treatment.

It is pertinent to mention that almost all kidney
diseases appear to a have strong complement compo-
nent related to their pathophysiology, which is outside
the scope of this review but might be a target for
complement therapy. A kidney disease in which com-
plement target therapy has advanced to a stage wherein
we may anticipate that it will be incorporated into the
treatment arsenal is accompanied by necrotizing cres-
centic glomerulonephritis (Trivioli and Vaglio, 2020).
This disease is discussed further under the systemic
autoimmune chapter item 6 in the section below.

5. Hematologic Diseases. As presented already,
PNH is the prototypical example of a disease that is
one of the very few and “pure” complement-mediated
diseases. It was the first complement disease to be
approved for routine clinical therapy, and during the
last 15 years, innumerable patients have been effi-
ciently treated with very good effects and with minor
adverse effects (Kelly et al., 2011; Hillmen et al., 2013;
Loschi et al., 2016; Ninomiya et al., 2016). Importantly,
patients with PHN suffer thrombosis as one of the main
complications and reasons for morbidity and mortality
and when treated with the complement inhibitor eculi-
zumab do not suffer from these serious thromboses
(Macrae et al., 2020). In some cases, there is residual
lysis despite C5 inhibition, and it has been proposed
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that the C3 opsonization might be the reason for
extravascular lysis, and that inhibition of C3 is an
alternative to prevent this lysis (Risitano et al., 2019).
Hemolytic anemias vary with respect to the efficacy of

complement inhibition. The “warm type” has a consider-
able IgG-mediated extravascular hemolysis at 37°C,
which is less affected by complement and more Fc-
dependent, whereas the cold agglutinin disease caused
by IgM autoantibodies is a pure complement disease
with intravascular complement-mediated lysis at low
temperature (Berentsen, 2018). Since the lysis is selec-
tively classical pathway–initiated, blocking of C1s has
been shown to efficiently reduce the lysis (Shi et al.,
2014). An alternative is to block C5 cleavage (Röth et al.,
2009), as is used for treating PNH, since C5b-9 is the
effector molecule. A future possibility would be to block
a component downstream of C5 to leave C5a active
while blocking lysis.
Thrombotic microangiopathy is a serious complica-

tion in patients undergoing stem cell transplantation.
There are data indicating that complement is important
in the pathogenesis of this condition and that comple-
ment inhibition might be a promising treatment, as
seen in a study of a large pediatric cohort (Jodele et al.,
2020).
Finally, it should be mentioned that accidental ABO

mismatch blood transfusions occur still, although for-
tunately this is very rare. With this, however, the
situation might be life-threatening. Most likely the
complement system is the driver by intravascular lysis
by the IgM anti-A and anti-B antibodies. If the reaction
is severe, the patient is brought immediately to the
intensive care unit for treatment. It is possible that an
ampulla of a complement inhibitor should be included in
the acute kit. It works immediately with virtually
no risk.
6. Autoimmune Diseases. The typical autoimmune

diseases like rheumatoid arthritis and SLE have a com-
plex etiology and pathophysiology with many branches
of both the innate and adaptive immunity involved.
Although experimental studies have documenteda clear
role for complement in rheumatoid arthritis (Kahn
et al., 2003; Mehta et al., 2015), the clinical application
of complement therapeutics is still in the future (Holers
andBanda, 2018). The same is the case for SLE (Barilla-
Labarca et al., 2013). This is not surprising and is
consistent with the multiple factors playing a role for
disease progression. Probably there might be a place for
certain subgroups, particularly those with kidney af-
fliction as a supplement to the already established
therapy.
There are, however, a group of autoimmune diseases

with systemic manifestations that have a more simple
and narrow pathophysiology—for example, the anti-
neutrophilic cytoplasmic antibodies–associated vascu-
litis (AAV). These are autoantibodies against proteins
in the neutrophil granulocytes (e.g., proteinase 3 and

myeloperoxidase). Experimental studies in mice have
shown that AAV is largely driven by the C5a-C5aR1
complement axis (Dick et al., 2018), and clinical studies
using a C5aR1 inhibitor are promising (Jayne et al.,
2017). Another systemic disease with a single autoan-
tibody target is the antiphospholipid syndrome (APS)
frequently seen in womenwith both venous and arterial
thromboses as well as spontaneous abortion as main
complications. Traditional treatment has been heparin
to prevent thromboses. However, like withAAV, there is
increasing evidence that complement is of importance
(Salmon and Girardi, 2004; Meroni et al., 2016). Partic-
ularly when this condition exacerbates to a severe
catastrophic APS (CAPS), a systemic life-threatening
condition, complement inhibitor therapy has been very
efficient (Tinti et al., 2019) and was most likely life-
saving in a patient with recurrent CAPSwho repeatedly
responded on complement inhibition (Barratt-Due
et al., 2016). Based on what we know about the
pathophysiology and what is published, we suggest that
AAV and CAPS are reasonably good candidates on the
list of diseases to be treated with complement inhibitors
in the future.

However, the great limitationwithmost of the studies
presenting results on complement inhibition is that the
number of cases inmost of these are too small to perform
reliable, randomized controlled trials. Thus, the use of
the inhibitors is to a great extent off-label and based on
case reports or small uncontrolled cohorts. Further-
more, there is a high risk of bias in the literature since
a number of negative results are not published both
because the authors find them less important and
because editors tend to prefer positive results when it
comes to a decision when pressure is on journal space.

7. Transplantation. From a complement point of
view, there are three important conditions related to
transplantation that should be taken into account. The
first and most basic condition is ischemia-reperfusion
injury. An important experimental observation was
that mice within the same genetic strain were given
heart transplants and a slow, long-lasting rejection was
observed without any adaptive immune responses, as
reviewed in Parolari et al. (2002). This could be due to
an extreme overactivation of complement by exposure
to DAMPs that could be recognized by the innate
immune system over time. This has important conse-
quences for preserving the organ under conditions that
inhibit ischemia-reperfusion injury. A complement in-
hibitor would be one such candidate.

The second and very serious complication for kidney
transplantation is the acute antibody-mediated rejec-
tion, which frequently leads to organ failure
(Montgomery et al., 2018). This effector mechanism is
mainly from the classical pathway activation of com-
plement, and the deposition of C4d in the peritubular
capillaries (Fig. 5C) is one of the Banff criteria for the
diagnosis. Complement inhibition has been used off-
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label with many successful outcomes (O’Neill and
Pierson, 2017; Haas, 2019). Thus, acute antibody-
mediated rejection might be a future candidate for
complement inhibition because the kidney may be
saved. However, a question to be resolved is whether
the therapy can be gradually tapered or has to be
continued.
The third issue is the chronic rejection, which is more

complex. Antibodies are involved, but T-cells are as
well, and the relative roles of these are uncertain. In
this case complement inhibition should be an option,
wherein it would more likely be a supplement to
traditional and new therapy.
8. Systemic Inflammation: Trauma Sepsis and the

Pandemic Coronavirus Disease 2019. So far, comple-
ment inhibition with success has been limited to the
rare diseases. One of the reasons for this is that these
rare diseases often have a pathophysiology that has
been shown to be mainly complement-driven, and
a single treatment with a complement inhibitor can be
sufficient to keep the disease under full control. When
moving to trauma and sepsis, the pathophysiology is
much more complex, although complement definitely
plays an essential role. Complement is an upstream
actor as first-line sensor of danger and thus may
accentuate the inflammatory explosion. However, there
are other first-line sensors as well (e.g., the Toll-like
receptors), so combined inhibition of several of these
sensors might be necessary, as we have shown for
combining complement and CD14 (Huber-Lang et al.,
2014). It has been speculated that inhibition of CD14
could be a possible treatment of coronavirus disease
2019 (COVID-19) (Martin et al., 2020). The challenge for
future strategy of complement inhibition in sepsis will
be to define subgroups of patients in which complement
activation is dominating. This can be combined with
other upstream bottleneck sensor molecules, whereas
inhibition of single downstream mediators like cyto-
kines is less likely to succeed because of the vast
amounts of them, as in accordance with the many
studies that have failed by blocking single downstream
mediators.
The role of innate immunity with focus on comple-

ment in the pathophysiology in trauma and its potential
for therapy is somewhat comparable with sepsis, al-
though initially the DAMPs are most important. Sec-
ondary infection is, however, frequently seen with
development of a full-blown sepsis. A comprehensive
review on complement in trauma was recently pub-
lished (Huber-Lang et al., 2018). We therefore do not
cover trauma in this review. Similarly, a recent review
on sepsis and complement was published (Mollnes and
Huber-Lang, 2020). Both of these reviews concluded
that trauma and sepsis are both complex syndromes
that need more research to dissect the role of comple-
ment and to enable correct stratification and inclusion
of patients that are of high risk of getting excessive

activation of complement. Once complement has ex-
ploded, it may be too late to start treatment (Fig. 2A).

COVID-19 disease is a pandemic dramatic condition
that this year has changed the world in many ways.
Since complement is a main sensor of danger, a number
of groups have started to work on complement and
COVID-19 disease. Coronavirus 2 (severe acute respi-
ratory syndrome–coronavirus 2) can lead to life-
threatening pneumonia and multiple organ failure,
which is termed coronavirus disease 2019. Both bacte-
rial and viral pneumonia have been associated with
complement activation and respiratory failure
(Langlois and Gawryl, 1988; Wang et al., 2015). Impor-
tantly, the coronaviruses severe acute respiratory syn-
drome andMiddle East respiratory syndrome bothwere
shown to potently activate complement associated with
respiratory failure (Gralinski et al., 2018; Jiang et al.,
2018). One of the first observations of increased com-
plement activation in patients with COVID-19 was an
increase in the activation products C5a and sC5b-9,
with a prolonged activation in the latter (Cugno et al.,
2020). A role for the Ca-C5aR1 axis was further
supported by detection of C5a in bronchoalveolar fluid
as well as inhibition of lung injury in a human C5aR1
knock mouse model (Carvelli et al., 2020). In a clinical
study of 39 patients, five different complement activa-
tion products from all pathways were measured in
patients who were hospitalized. All activation products
were consistently elevated in all patients (Holter et al.,
2020), and second, C5b-9 was correlated with respira-
tory function. Interestingly, antibody titers were signif-
icantly correlated with respiratory function as well,
although to a less extent. It is uncertain to what extent
the classical pathway versus the lectin pathway con-
tributed to C4 activation, but most likely they were both
involved. Additionally, the C3 convertase C3bBbP was
significantly elevated, implying that a therapeutic ap-
proach for COVID-19 should be broad and cover all
pathways (i.e., C3 or C5). The interaction between the
complement system and the coronaviruses has been
reviewed in Java et al. (2020) and Noris et al. (2020).

It has been speculated that pathophysiology of
COVID-19 is similar to thrombotic microangiopathy,
involving both complement and hemostatic dysfunc-
tions (Chauhan et al., 2020; Conway and Pryzdial, 2020;
Fletcher-Sandersjoo and Bellander, 2020; Gavriilaki
and Brodsky, 2020; Java et al., 2020; Jodele and Kohl,
2020; Mangalmurti and Hunter, 2020; Merrill et al.,
2020; Ramlall et al., 2020; Song and FitzGerald, 2020).
Thus, it is reasonable to suggest that complementmight
be a target for treatment in COVID-19, but so far
treatment has been limited to case reports, in which
most show inhibition at the level of C5 (Potlukova and
Kralikova, 2008; Kulasekararaj et al., 2020; Laurence
et al., 2020) and a single report uses a C3 inhibitor
(Mastaglio et al., 2020). Although the data are promis-
ing, from an open-labeled randomized trial with 15
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patients treated with an inhibitory anti-C5a antibody
and 15 controls (Vlaar et al., 2020), it remains to be
shown in larger randomized control trials whether
complement inhibition is an option for treatment in
COVID-19 (Lo et al., 2020).

V. Mode of Complement Inhibition

A. Targets to Be Inhibited

1. Introduction. There are numerous components,
fragments, and receptors that are candidates for in-
hibition in the complement system. The question of
which targets are the best to inhibit is a nonsense
question. It will depend on a number of factors that we
have described in the sections above. First, what is the
pathophysiological mechanism of the disease? Some
diseases are virtually completely complement-
dependent, such as PNH and the cold agglutinin
syndrome, whereas others are partly dependent on
complement from strongly to slightly, and there prob-
ably are no conditions wherein immune inflammation is
involved when complement is not involved at all. The
indications for treating a condition will therefore
mainly depend on the extent on the scale to which the
complement is involved. Second, there is a crucial
difference between chronic life-long diseases wherein
the patient normally is at home and acute life-
threatening conditions wherein the patients are in
hospital or even at the intensive care unit under
continuous monitoring and covered with antibiotics,
etc., and needs inhibition just for a few days or weeks.
Third, the cost of complement inhibition until now has
been extremely high and limited to rare diseases. New
and less expensive drugs are approaching the market,
and for healthcare cost implications, this also has to be
taken into consideration. A number of other factors will
be of importance when discussing this essential item in
the future.
Below we give some selected target molecules from

the cascade that we suggest will be the most relevant in
the future. This might change, as the research field is
rapidly progressing.We need to emphasize that the only
drug for complement inhibition that has been available
for routine use is an engineered humanized monoclonal
antibody targeting the cleavage of C5. Thus, the
experience of blocking other targets was until recently
missing. The targets we have selected as most relevant
are illustrated in Fig. 1 with an asterisk.
2. Classical and Lectin Pathway. Immediately one

would think that C1q could be a good candidate.
However, we argue that C1q is a molecule involved in
so many other processes than complement activation
that it would not be an obvious good candidate. C1r and
C1s are the serine proteases that are activatedwhen the
classical pathway is triggered, and, so far, there is some
evidence that C1s might be a good candidate. However,
this is a good rationale only if the classical pathway is

triggered. The main concern of blocking the classical
pathway activation is that the antibody-mediated
effects of complement are lost.

In the lectin pathwayMBL has been the most studied
protein and might be a candidate in certain cases, but
recently MASP-2 has also been proposed as an exciting
candidate to block the lectin pathway. As in accordance
with the C1q mentioned above, MBL is a recognition
molecule with many functions, and MASP-2 might be
a good candidate also because the lectin pathway is
recognized by a number of other molecules, and the
activation route goes mainly through MASP-2. The
main concern of blocking the lectin pathway is that
a substantial part of the recognition of danger function
of complement is lost.

3. C3 and the Alternative Pathway. The ultimate
and most robust molecule to inhibit is C3 since it blocks
the whole system from C3 and downstream. This is
because all three initial pathways merge at C3, and C3
is the main molecule of the alternative pathway ampli-
fication loop. Thus, if the intention is to target one
molecule to block most of the system, C3 is the molecule
of choice. Thus, there is amarked potential to slow down
all complement-mediated functions by blocking C3.

For specific blocking of the alternative pathway there
are three candidate molecules. Factor B is the main
component but requires relatively large doses because
of its high serum concentration, Although factor D is the
only serine protease that is circulating in active form in
plasma, it is also the rate-limiting step in the alterna-
tive pathway and requires relatively small doses of
a drug. Blocking both factors B and D will inhibit the
alternative completely, as will virtually be the case also
for inhibiting properdin. Notably, in contrast with
blocking C3, the cascade will not be fully blocked by
the other components, since classical and lectin path-
way activation will generate some C5 convertases, and
a certain terminal pathway activation will occur. Thus,
the most effective blocking of the system using one
target would be to block C3. Nevertheless, blocking of
C3a or the C3aR might also be an alternative option to
block the anaphylatoxin activity of C3 cleavage, but this
has not been tried in clinical trials.

The main concern of blocking C3 and the alternative
components is the reduced opsonization and probably
risk of increased infection. This should, however, be no
concern during an acute condition, in which the patient
is monitored and covered with antibiotics. This short-
time treatment will also not be a concern for a child. C3
is important for speeding up the B-cell antibody pro-
duction, but short-time blocking of C3 would hardly
influence this effect. Another concern regarding C3 is
the abundance of C3 in the circulation and also that it is
produced locally in many tissues, each of which could
make inhibition difficult.

4. Terminal Pathway. Blocking of C5 has been used
clinically for more than a decade. Thus, C5 is a main
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candidate also in the future. Additional targets to block
are C5a, which will block both C5aR1 and C5aR2
effects. Alternatively, C5aR1 is a very good candidate
because this receptor is known to signal production of
substantial proinflammatory mediators. There is evi-
dence that C5aR2 counteracts C5aR1, but lack of
specific reagents to block C5aR2 are so far missing.
The last target in the terminal pathway is to specifically
block the assembly of C5b-9, thus preventingmembrane
attack complex formation but still having C5a released.
This could be obtained by blocking, for example, C6 or
C7. After C8 has bound, the leakage process through the
membrane starts.

B. Reagents to Be Used

1. Monoclonal Antibodies and Their Derivatives.
Over the last 3 decades, monoclonal antibodies have
made a dramatic transformation from scientific tools to
powerful human therapeutics (Buss et al., 2012). To
overcome the inherent immunogenicity and reduced
effector function of murine monoclonal antibodies in
man, chimeric mouse-human antibodies were devel-
oped. To further improve monoclonal antibody proper-
ties, humanized mAbs (suffix: -zumab) that are used for
anti-C5 inhibition were developed by grafting just the
murine hypervariable regions onto a human antibody
framework, resulting in a molecule that is more than
95% human. These types of antibodies appear to over-
come most of the inherent immunogenic problems of
murine and chimeric monoclonal antibodies.
The advent of in vitro phage display technology and

the generation of various transgenic mouse strains
expressing human variable domains enabled the gen-
eration of fully human mAbs (suffix: -umab). Both
humanized and fully human monoclonal antibodies
have significantly reduced immunogenic potential and
show properties like human endogenous IgG (Nelson
et al., 2010). The disadvantage of using this technique is
that it is quite laborious and expensive to manufacture
in large scale.
As discussed above, an anti-C5 monoclonal antibody

that blocks the cleavage of C5 and thus the generation of
proinflammatory C5a and membranolytic C5b-9 has
been the first complement-targeted monoclonal anti-
body therapeutic and has been tremendously effective
formany patients with PNHand aHUS (Legendre et al.,
2013). More recently (2017) the US FDA approved anti-
C5 use in refractory generalized myasthenia gravis
(Howard et al., 2017; Dhillon, 2018) and also in neuro-
myelitis optica spectrum disorder (Pittock et al., 2019).
Two caveats of this otherwise successful treatment are
that first, there is a small population of patients (3% of
the Japanese population) that have a C5 polymorphism
that is not recognized by the anti-C5 antibody eculizu-
mab (Nishimura et al., 2014). Multiple other anti-C5
antibodies, as referred to above, that can provide both
improvements on eculizumab and broader patient

efficacy are in phase I and II trials at this time
(Mastellos et al., 2019; Röth et al., 2020). Thus far,
a lack of C5a generation and thus C5aR1 signaling have
not been harmful for extended clinical use of the C5
inhibitory antibody. An anti-C5a monoclonal antibody
has been shown to be well tolerated in humans
(Giamarellos-Bourboulis et al., 2020) and is being pro-
posed as a complement therapeutic (e.g., in COVID-19),
but it remains to be shown whether this will be an
efficient therapeutic in the future (Vlaar et al., 2020).

In development for some time, strategies available to
suppress deleterious overactivation of the complement
cascade include the use of a specific monoclonal anti-
body to target the injured or diseased site fused to an
inhibitor of complement activation. Predominantly, the
complement inhibitor targets deposited C3b to suppress
the amplification process and thus the generation of
excessive downstream detrimental complement activa-
tion products. Asmentioned above, an example of this is
B4/Cr1-related protein Y, which has been shown to be
effective in stroke and reperfusion injury in animal
studies.

2. Small Molecular Peptides and Peptidomimetics.
Protein-protein interactions are well recognized as
mediators of a plethora of processes in biologic systems
and are vitally important in the progression of many
disease states (Robertson and Spring, 2018). These
interactions can be inhibited but also stabilized by
peptides and peptidomimetics and thus are a potentially
tool for drug discovery. Indeed, more than 60 different
types of peptides have been approved for clinic use. On
the other hand, chemical structures that mimic the
effect of peptides are also an attractive approach.
Peptidomimetics can respond to peptide limitations by
displaying higher metabolic stability, good bioavailabil-
ity, and enhanced receptor affinity and selectivity.
Various synthetic strategies have been developed over
the years to modulate the conformational flexibility and
the peptide character of peptidomimetic compounds.

Both strategies have advantages over antibodies
generally in cost but, more importantly, the potential
access to tissue, including the CNS. In animal models of
Alzheimer disease (Fonseca et al., 2009), Huntington
disease (Woodruff et al., 2006), immune complex–
associated blood brain barrier disruption (Mahajan
et al., 2015), stroke (Garrett et al., 2009), and traumatic
brain injury (Sewell et al., 2004), C5aR1 antagonists
have suppressed pathology, inflammation (Fig. 5A), and
functional loss. Treatment with PMX53 also reduced
the time length of a seizure and the likelihood of
a second seizure in a kindling model of epilepsy,
suggesting that blocking C5aR1 can have antiepileptic
effects (Benson et al., 2015).

A detailed comparison of the available peptide and
small-molecule C5aR1 antagonists has recently been
published by Woodruff et al. (Li et al., 2020) as well as
thorough pharmocokinetics of the two commonly used

816 Garred et al.



antagonists PMX53 and PMX205 that will facilitate
additional testing in mouse models (Li et al., 2020).
Drug-receptor cocrystallization has identified drug-
binding sites and resulting conformational changes
(Liu et al., 2018). Most encouraging is that this ap-
proach has been found to be safe in human trials
(Vergunst et al., 2007; Garrett et al., 2009; Bekker
et al., 2016; Jayne et al., 2017; Liu et al., 2018). Indeed,
a small-molecule C5aR1 antagonist (Avacopan;
CCX168) has completed a successful phase 3 trial for
AAVand is under review by theUSFDA for approval for
oral treatment of this disease. Targeting C5aR1 leaves
the beneficial functions of other complement compo-
nents, such as C1q, C3b, and C5b-9, intact while having
positive effects on pathology and function, including
cognitive behavior in models of neurodegenerative
disorders (Fonseca et al., 2009; Benson et al., 2015;
Hernandez et al., 2017).
APL-2 and AMY-101 are two derivatives of a family of

cyclic peptides that inhibit C3 amplification and are
currently in clinical trials as either combination therapy
with eculizamab or as a monotherapy, as suppression of
C3 cleavage would also prevent membrane attack
complex formation. Peptides and chemical peptidomi-
metics are small molecules usually with short half-lifes.
The advantage is that they may be useful for diseases in
organs with membranes limiting passage of large
molecules and for short-time need of treatment,
whereas the disadvantage would be long-time systemic
treatment. The latter could be solved by conjugating
them to proteins increasing the half-life, as described
under item 4 below.
3. Aptamers. Aptamers are single-stranded DNA or,

more frequently, RNA molecules that can bind specifi-
cally to a target and neutralize the function of a protein.
The molecular mass is between 5 and 15 kDa, and the
half-life is in the range of a few hours. They are potential
reagents to inhibit complement activation, and an
aptamer blocking the cleavage of C5 has been charac-
terized in detail (Biesecker et al., 1999). Aptamers have
also been developed to block C5a (Yatime et al., 2015;
Hyzewicz et al., 2017) and C5aR1 (Kumar, 2018). A
mouse study showed protection against pneumococcal
sepsis using an aptamer blocking C5a (Müller-Redetzky
et al., 2020), but the aptamers have not yet reached the
clinic.
4. Recombinant Proteins and Conjugates.

Recombinant proteins are frequently made from the
host’s own complement regulatory proteins. CR1 is
cofactor for factor I and a very efficient inhibitor of C3
by enhancing inactivation of C3b. It is present in large
amounts on a number of cells, including red cells. It
exists in small amounts in a soluble form, sCR1 (TP10),
which lacks the transmembrane portion. A break-
through in the field of complement inhibition was when
sCR1 was produced recombinantly and could be used
experimentally, wherein it was shown to reduce the size

of myocardial infarction in mice (Weisman et al., 1990).
When conjugated to the E-selectin ligand sialyl Lewisx

(sCR1/sialyl Lewisx; TP20), the effect was increased when
treating mice with experimental stroke (Huang et al.,
1999). TP10 was used in some clinical trials with benefits
in subgroups (Li et al., 2006). Large recombinant mole-
cules are expensive to produce, and TP10 never came to
routine clinical use. Other regulators like CD55, CD46,
and CD59 have also beenmade recombinantly as possible
drugs and tested experimentally (Verbakel et al., 2000).

Another approach is to take only a small part that is
the active domain in the protein and conjugate this to
a specific targeting molecule, which leads to binding to
the actual site that needs to be treated. TT30 consists of
a small part of factor H, “mini-factor H,”which contains
the active C3b-binding site of factor H (Nichols et al.,
2015) fused to CR2, which binds C3d deposited in the
tissue (Risitano et al., 2012). This is a prototypical
reagent for targeting tissues where complement is
already ongoing and C3d is deposited (Fridkis-Hareli
et al., 2011; Rich et al., 2016).

Thus, this will bind to any tissue where C3d is
exposed and reduce the amount of free inhibitor in the
fluid phase, which is a major advantage to preserving
the activity of complement in the fluid phase. Another
similar approach is to conjugate the inhibitor to a tis-
sue-specific protein targeting (e.g., the synovium, to
treat arthritis) (Macor et al., 2012). Finally, a small
fragment of CR1 has been conjugated to an endothelial
cell membrane–binding reagent (Microcept, ATP070)
that will target damaged endothelium, typically after
ischemia/reperfusion and is thus not organ-specific and
does not depend on ongoing complement activation but
is intended to prevent activation whether it is a whole
body or local damage (Souza et al., 2005).

In other cases, it is important to keep the inhibitor in
the fluid phase, such as in trauma, sepsis, or other
systemic inflammatory diseases. Then a small inhibitor
can be conjugated to an inert, nontargeting molecule
just for the purpose of increasing its half-life (e.g., an Fc
fragment), and the half-life can be increased from a few
minutes to days (Hepburn et al., 2008).

C. Routes of Distribution

1. Locally. Depending on the disease, its location
and accessibility, and the structure of the drug, there
are several alternatives for local treatment. Fist,
a cream could be administered, such as, for example,
for the highly complement-dependent disease periodon-
titis (Hajishengallis and Lambris, 2012), wherein in-
hibition both at C3 and C5 level has been shown
effective (Abe et al., 2012; Kajikawa et al., 2017);
toothpaste could be an alternative. Liniment might be
an alternative to treat psoriasis, as it is postulated to be
partly complement-dependent (Schonthaler et al.,
2013). Complement is important for several eye dis-
eases (see separate section), and, depending on the
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drug, local injection might be required, but with small
molecules that might penetrate, eye drops are obviously
simple and uncomplicated. Obvious advantages with
local treatment are that it is low-cost and, except for
injection into the eye, the treatment can done by the
patient or a relative.
Local application can also be an alternative for

systemic treatment. Subcutaneous injection is already
well established for continuous release for long-time
treatment and can be established at home. Finally, in
some cases, particularly in children, nasal spray might
be an alternative and obviously the simplest one.
2. Intravenously. Until now, intravenous treatment

has been the usual way of administration. Systemic
adverse effects might occur, and in most cases, the
patient needs to go to the hospital. Thus, the costs are
substantially higher than the local alternatives
(i.e., subcutaneous injection).
3. Orally. The main goal for any producer of a com-

plement inhibitor is to succeed with a pill. Great effort
should be done to obtain this endpoint, as it is definitely
the best solution. Promising preclinical data exist, but
oral administration has not come to routine use yet. The
problems with short half-life and bioavailability must
be resolved to produce the effective “pill.”

VI. Assays for Diagnostics and for
Treatment Follow-up

A. Principles of Complement Assays

1. Detection of Complement Activation. There are
a number of different assays to evaluate the comple-
ment system [for review, see Mollnes et al. (2007) and
Harboe et al. (2011)]. Here we will only describe the two
assay types that are most important to understand for
those who are treating patients with complement
inhibitors in clinical routine. The first is an assay that
detects the degree of complement activation in vivo. A
number of assays that detect specific activation prod-
ucts are available, but the TCC is a valuable biomarker
since it indicates that C5 is activated and that both C5a
and C5b-9 are formed. This can be detected in plasma as
sC5b-9 in a simple ELISA based on a monoclonal
antibody reacting with a neoepitope exposed in C9 when
C9 is incorporated in the complex but not present in the
native C9 molecule (Fig. 6). The advantage of using this
assay is that this complex has a relatively long half-life (1
hour) as compared with the C5a molecule with a very
short half-life (1 minute). Furthermore, it will detect
activation of the whole cascade to its very end. It is
critically important that the blood samples are obtained
using EDTA and that plasma is collected and snap-frozen
to 270°C (Frazer-Abel, 2018; Prohászka et al., 2018).
Increased levels of sC5b-9 in plasma indicate a dis-

ease process wherein complement is involved, and the
condition may be a possible candidate for complement
inhibition. However, complement might be activated

locally in organs without increased activation products
in plasma (i.e., a normal sC5b-9 level does not exclude
complement activation in tissue). Thus, biopsies may be
the ultimate test for diagnosis in which activation
product can easily be detected with fluorescence mi-
croscopy, as illustrated in Fig. 5B. Plasma sC5b-9might
also be helpful for evaluation of the effect of therapy in
a patient with originally high levels before treatment is
started. The ultimate test for such an evaluation is,
however, the screening for total complement activity, as
described below.

2. Screening for Total Complement Activity. This group
of tests measures the functional activity of the whole
complement cascade. Previously they were based on
a complement hemolytic assay, but this has now been
gradually replaced by more stable and sensitive enzyme
immunoassays, like the total complement screen assay
(also called Wielisa) (Fig. 7). In contrast with the sC5b-9
assay described above, this assay tests complement func-
tion in vitro and must therefore be done in serum (fresh
or freshly stored at270°C). The detection principle is as
for the sC5b-9 ELISA, but the design is different. The
wells are coated with specific activators of the three
pathways, and if all components are present and active,
the C5b-9 complex will assemble in the well and can be
detected with the same anti-C9 neoepitope antibody. If
the complement system is normal, it will be detected as
100% activity in the wells (Fig. 7A).

If a terminal component or C3 is genetically defective,
the C5b-9 complex will not be formed, as for example in
a patient deficient in C5 (Fig. 7B). Here all the three
pathways will show 0% activity since the detection
antibody will not recognize a C9 neoeptope. If the screen
is negative in one or more of the assays, further testing
has to be done to find the deficient component. If

Fig. 6. Immunoassay for detection of complement activation. This ELISA
illustrates the first specific assay for detection of sC5b-9 based on
mAbE11 produced in our laboratory in 1985 reacting specifically with
a neoepitope in C9 exposed only when C9 is incorporated in the C5b-9
complex (Mollnes et al., 1985). The assay is a traditional sandwich
immunoassay, and many variants exist with different detection anti-
bodies on the top, reacting with one of the other components of the
complex. An increased level of sC5b-9 indicates that the complement
cascade has been activated to the very end.
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a patient is receiving a complement inhibitor (e.g., a C5
blocker), this will give the same result as for the patient
who is C5 genetic deficient if all C5 molecules are
blocked (Fig. 7C), and the activity will be 0%. For testing
the effect of a C5 inhibitor, it is not necessary to use all
the pathway assays. Either the classical or the alterna-
tive assay can be used to follow the patient, as the
activity will gradually increase from 0% to 100% when
C5 activity starts to increase, and finally all of the
inhibitor is gone (Fig. 7, C and D). The half-life can vary
substantially dependent upon which disease condition

and stage of disease the patient presents. With these
test results, an individualized treatment regimen can
be established.

VII. Consequences of Therapeutic
Complement Inhibition

A. Safety and Adverse Effects

1. Safety and Adverse Effects of Established C5
Inhibition. Eculizumab has been the only complement
inhibitor approved for clinical treatment until 2020. It

Fig. 7. Immunoassay for detection of total complement function. This assay is used to screen for complement deficiencies in each activation pathway
and to evaluate the effect of treating patients with, for example, a C5 inhibitor. (A) Normal serum leading to complete assembly of the C5b-9 being
similar to the membrane attack complex complex, as it is bound to the plastic surface not measuring sC5b-9. All three pathways show 100% activity. (B)
Serum from a patient who is C5-deficient. The assembly will stop at the level of C5, and all three wells will have 0% activity. (C) Serum from a patient
treated in excess with the mAb eculizumab blocking C5 cleavage. This will give the same phenotype as the patient who is genetically deficient. If
eculizumab is discontinued it will gradually disappear, and the situation will be similar to the one presented in (A), in which the inhibitory anti-C5
mAb is not present any longer, and the activity will be 00% as before treatment started. HRP, horseradish peroxidase.

Pharmacological Targeting the Complement System 819



was approved in 2007 for paroxysmal nocturnal hemo-
globinuria. These patients have life-long treatment, and
treatment has shown a high safety. In a study of 196
patients over 66 months, the drug was safe and well
tolerated with no evidence of cumulative toxicity
(Hillmen et al., 2013). Four deaths were not related to
the treatment and no Neisseria infection was observed.
The same was found in a Japanese study of patients
with PNH (Kanakura et al., 2013). A systematic review
based on 12 databases showed safe treatments without
deaths or Neisseria infections (Rathbone et al., 2013). A
number of other studies confirm the safety. However, in
a large study including 1321 patients followed over
5 years, with patients who were both pediatric and
adults, three cases of Neisseria infection was observed
and one with a fatal outcome (Rondeau et al., 2019).
Finally, a 10-year observation study comprising
28,518 patient-years confirmed the safety but also the
risk of neisserial infection. A few other infections were
observed, but whether they were related to treatment
was uncertain (Socié et al., 2019). One fatal Neisseria
infection was reported with a nongroupable strain has
been reported (Nolfi-Donegan et al., 2018). Thus, C5
inhibition with eculizumab is a safe treatment with
virtually no adverse effects, but the small risk of getting
aNeisseeria infection should always be brought inmind.
2. Potential Adverse Effects of New Inhibitors.

When new inhibitors come to clinical use, one should
certainly be aware of other possible adverse effects. It
cannot be excluded that inhibition at the initial recog-
nition phases of all three pathways or inhibition at the
level of C3 can lead to increased risk of other infections
due to reduced opsonization. Short-time treatment
when the patient is under observation should be of less
concern and can even be the most effective treatment in
certain acute phases.

B. Efficacy of Treatment

1. Fully Complement-Dependent Diseases. As de-
scribed above under the indications for complement
inhibition, the treatment is very efficient and also life-
saving when the disease is mainly complement-
dependent, such as with paroxysmal nocturnal hemo-
globinuria and aHUS. As mentioned, there are a num-
ber of disease candidates in which complement plays
a major (although not the whole) role in the pathophys-
iology. Controlled clinical trials should be performed
before new diseases are added to the list. Occasionally,
off-label use may be acceptable in patients who are
critically ill in which it is reasonable to suggest
complement-mediated pathophysiology, in particular
when the disease is so rare that it is impossible to
perform clinical trials with sufficient power.
2. Diseases with Complex Pathophysiology.

Complement activation might be involved as a smaller
part of the pathophysiology and in such complex con-
ditions that the challenge will be to use experimental

model and clinical trials with a combined strategy to
examine whether complement inhibition may partly
reduce disease activity.

VIII. Conclusions and Future Perspectives

As stated in the introduction, the aim of this study
was to provide some background on the complement
system and its physiologic activity with highlight on the
mechanisms leading to complement dysfunction, sub-
sequent tissue damage, and disease. We have given
priority to these principles rather than include lists of
ongoing clinical trials or of all the potential inhibitors
that are available as therapeutic candidates. We rec-
ommend that the particularly interested reader use
“complement” as a search key in https://clinicaltrials.
gov/.

We hope this review has provided clear information to
the reader for considering complement as an interesting
and well documented target for treatment of many
diseases in the clinic rather than merely being “an
elegant model system.” Furthermore, we emphasize the
importance of increasing the research activity in this
area to provide the basis for opportunities for clinical
trials in the near future. It is reasonable to suggest that
with an increase in the number of drugs targeting the
complement system, the list of conditions to be treated
with complement-modulating approaches will increase
in parallel.
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