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Factor I was first discovered in 1966. Its importance became apparent with the description of the original Factor
I deficient patient in Boston in 1967. This patient presented with a hyperactive alternative complement pathway
resulting in secondary complement deficiency due to continuous complement consumption. On the basis of these
findings, the mechanism of the alternative pathway was worked out. In 1975, the surprise finding was made that
elevating levels of Factor I in plasma down-regulated the alternative pathway. Attempts to exploit this finding for
clinical use had a long and frustrating history and it was not until 2019 that the first patient was treated with the

gene therapy vector for age related macular degeneration by Professor Sir Robert MacLaren in Oxford. This
review follows the long and contorted course from initial observations to clinical use of complement Factor I.

1. The discovery of factor I

The molecule now known as Factor I was first discovered in 1966
from two quite separate sets of experiments. Tamura and Nelson (1967)
studied complement inhibitors in guinea pig and rabbit serum. These
included C1 inhibitor, which is well known (Levy and Lepow, 1959), an
inhibitor of C6 which probably does not exist but could have been a
C567 uptake inhibitor, such as vitronectin, and a C3 inhibitor which
they showed to inhibit lysis and immune adherence. This molecule was
probably Factor I but could also have been Factor H on the basis of
purification data, or probably a mixture of the two. They did little
further work on it. A molecule that was certainly Factor I was described
a year later by Torisu et al (1968) who identified it as transferrin. This
was incorrect but Factor I and transferrin do co-purify on ion exchange
and size chromatography.

The other approach (Lachmann and Miiller-Eberhard, 1967; 1968)
identified Factor I as the Konglutinogen activating factor (KAF). This
requires a discussion of conglutination, which follows in some detail.

2. Conglutination

The phenomenon of conglutination was described in several la-
boratories at the beginning of the twentieth century. The phenomenon
as described was the powerful conglutination or clumping of antibody-
coated red cells when treated with a non-lytic complement, usually
provided by horse serum when using sheep EA' . This tight clumping
was produced by heated bovine serum and the phenomenon was given
the name “conglutination” by Bordet and Streng (1909). Towards the
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beginning of the Second World War Robin Coombs, who had just
qualified as a veterinary surgeon in Edinburgh, was sent to the Veter-
inary Research Laboratory of the Department of Agriculture in Wey-
bridge to work with Norman Hole on a conglutinating complement
fixation test for glanders in horses. Rather surprisingly glanders in
horses was considered to be relevant to the war effort at the beginning
of World War Two. While that turned out to be a misconception, Robin
Coombs did get extremely interested in complement fixation and con-
glutination and was transferred to Cambridge to do a PhD. While in
Cambridge, he got involved with Robert Race and Arthur Mourant in
the development of the Coombs Test or antiglobulin reaction (Coombs
et al., 1945) but his PhD thesis contained a lot of work on con-
glutination as well. This interest he continued for some years after the
war in conjunction with Ann Blomfield (later Ann Coombs) and a Ca-
nadian co-worker Donald Ingram. They distinguished conglutinin from
immuno-conglutinins which are formed in response to stimulation by
fixed complement and looked at their role in disease. This work was
published as a book “Serology of conglutination” (Coombs et al., 1961).

I returned to the Department of Pathology in Cambridge from a year
in New York where I had first worked together with Hans Miiller-
Eberhard and Henry Kunkel on the localisation of bound C3 in human
tissues (Lachmann et al., 1962) using the first antibody raised to a
specific complement component by Miiller-Eberhard and his colleagues
while he worked in Sweden (Miiller-Eberhard et al., 1960).

In Cambridge I undertook to work on conglutinin. It turned out that
the reaction of conglutinin with zymosan, which was well known, oc-
curred equally well in the absence of complement, i.e.it could be taken
up from heated bovine serum. This reaction required calcium ions and
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was readily reversible with EDTA. This allowed a thousand-fold pur-
ification of conglutinin simply by absorption onto zymosan, elution
with EDTA and precipitation as euglobulin. This reaction of a pure
carbohydrate in the presence of calcium defines a C-type lectin and
conglutinin was actually the first mammalian example of this class of
molecule to be described, shortly before mannan binding protein.
Conglutinin was found to be a molecule of high asymmetry with a se-
dimentation coefficient of 7.75 and a frictional ratio of 4.0 (Lachmann
and Coombs, 1965). From these data a molecular weight of 746,000
was calculated. Conglutinin does indeed only occur in some bovidae -
cows, camels and llamas, but not in sheep and goats. The claim that
there was a human conglutinin (Baatrup et al., 1987) was disproved
finally through the absence of a functional conglutinin gene within the
human genome sequence.

Having identified conglutinin, the question then became what does
it react with?

3. The identification of the conglutinogen

Conglutinin was shown to not to react with EA treated with guinea
pig R3 (serum treated with zymosan) but did react when human R3 was
used. It was already known that the former reagent was EAC142? and
the latter was EAC1423 and reacted with anti-f1lc. Conglutinin there-
fore appeared to react with bound 1c. B1lc was the name given to the
protein identified by immunoelectrophoresis that was identified as C’3.

In La Jolla in 1966, I undertook the study of where the con-
glutinogen lay using the purified components available in the Miiller-
Eberhard laboratory. It became clear that EAC1423 made with purified
components did not react with conglutinin but if this intermediate was
treated with 56 °C heated normal serum, it rapidly became con-
glutinatable. Using this assay, Factor I (at that time called KAF —
Konglutinogen Activating Factor) (Lachmann and Miiller-Eberhard,
1968) was purified from human serum. It was found to be a beta-glo-
bulin protein which fractionated on both ion exchange chromatography
and size exclusion chromatography together with transferrin. This se-
paration of Factor I from transferrin required a further step of hydro-
xyapatite chromatography which then allowed the protein to be sub-
stantially pure. Specific polyclonal antibodies could be raised against it
and it could also be purified from antibody columns. KAF was shown
not to be consumed in its reaction with bound C3b. Therefore, it was
concluded that KAF was an enzyme, which in due course was confirmed
when it was later found that a small peptide, C3f, was released from
C3b (Harrison and Lachmann, 1980) when it is converted to iC3b - the
intermediate that reacts with conglutinin. iC3b therefore presents a
carbohydrate neoantigen that is hidden in C3 and in C3b. This neoan-
tigen could be destroyed by fungal “cellulase” (from Worthington
Biochemicals) and occurs in C3 of all mammalian species tested
(Lachmann and Coombs, 1965).

In 1966, Ulf Nilsson had suggested to me that we should try to see
whether his recently identified protein f1H (Nilsson and Mueller-
Eberhard, 1965) played some part in the conglutination reaction. This
was tested but no effect was found. This failure to demonstrate the
effect of B1H globulin (now called Factor H) on conglutination was due
in retrospect to the fact that the C3 preparations were contaminated
with small amounts of f1H, which co-purifies with C3 rather closely
(Nilsson and Mueller-Eberhard, 1965). We therefore failed to make the
discovery that Factor I requires Factor H as a co-factor which was
subsequently made ten years later by Whaley and Ruddy (1976) and
revolutionised our knowledge of how Factor I actually worked. The
mechanism was elegantly worked out using modern techniques of
structural biology by Roversi et al (2011) as shown in Figs. 1 and 2.

The conglutinogen in bound iC3b was found to be apparently
identical with the determinants found in yeast, which was remarkable.

2EAC is short for EA treated with complement.
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LIGHT CHAIN

Fig. 1. The structure of human Factor 1. (A) Cartoon schematic of Factor I.
FIMAC is shown in blue, SRCR in green, LDLRA1 in yellow, LDLRA2 in orange,
and SP in red; unmodeled loops are shown by dashed lines; N-linked glycosy-
lation sites are shown by white stars. (B and C) The protein is shown in two
views as a cartoon representation with a transparent surface. Disulfide bonds
and two bound Ca2+ ions are shown as ball-and-stick representations. The six
glycosylated Asn residues and attached GlcNAc residues (cyan) are shown as
stick representations. Domains are coloured as A (Roversi et al., 2011) (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

In a direct carbohydrate binding assay conglutinin was shown to bind
non-reducing terminal N-acetylglucosamine, mannose and fucose re-
sidues (Loveless et al., 1989).

4. Factor I deficiency and the mechanism of action of the
alternative complement pathway

In 1967, Chester Alper and colleagues (Alper et al., 1970) first
identified a patient (TJ) who had Klinefelter’s syndrome and repeated
infections and who was found to have a grossly abnormal complement
system and very low levels of C3 and of the protein that is now known
as Factor B, both of which occurred in cleaved form. The C3 was what is
now known as C3b and the Factor B was circulating as Bb. Chester had
no explanation for these findings and when we met at the Protides of
the Biological Fluids meeting in 1969 in Bruges, he described this pa-
tient to me and I suggested to him, without any real prior justification,
that it was just possible that this patient might lack KAF, or Factor I.
This was rapidly shown to be the case when we sent Chester some anti-
Factor I antibody. Not that this immediately clarified what was going
on. However, we did do an experiment on TJ, injecting him with pur-
ified Factor I, which did restore temporarily the C3 and Factor B levels
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Fig. 2. Schematic of the proposed cofactor model. Red arrows indicate domain
rearrangements. (A) Cartoon of the proposed allosteric activation of the SP
domain via alteration of the heavy-chain (HC)/light-chain (LC) interface. (B)
Schematic of the assembly of the C3b:fH1-4:fI ternary complex, colored as in
Fig. 1, extended from cartoon of cofactor-C3b interactions (Roversi et al., 2011)
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

(Ziegler et al., 1975) (Fig. 3).

It was not a wholly satisfactory experiment since we sent Factor I
that had been purified and stored and was sterilised by filtration, but
we had not thought of clearing it of endotoxin. The result was that TJ
had an endotoxin reaction and rigors but he came to no serious harm
(Ziegler et al., 1975). It did demonstrate that his complement ab-
normalities were in fact due to deficiency of Factor I. I then, in Cam-
bridge and subsequently at the Royal Postgraduate Medical School,
undertook to repeat this phenomenon in vitro with my graduate stu-
dent, Pru Nicol (Nicol and Lachmann, 1973; Lachmann and Nicol,
1973a). We depleted normal human serum of Factor I using the purified
polyclonal Fab, fragments against Factor 1. This was made by a tech-
nique developed shortly before (Lachmann, 1971) where a precipitate
is made between a monospecific antibody and the antigen, either pur-
ified or in serum. The precipitate is then washed free of all other
components, redissolved in glycine/HCl at pH 3.2, and treated with
pepsin. This destroys most protein antigens except the Fab, part of IgG
so that this releases in solution the Fab, portion of the original anti-
body, which can be precipitated with sodium sulphate. When this
purified Fab, was used to deplete KAF at 4 °C, the precipitate was re-
moved and at 4 °C nothing further happened. However, immediately
the serum was heated up there was total conversion of C3 to C3b, and
Factor B to Bb and Ba, just as was seen in TJ (Nicol and Lachmann,
1973). This we interpreted as demonstrating that what is known as the
alternative complement pathway did not in fact require specific in-
itiation but would fire spontaneously as soon as an inhibitor controlling
it was removed, suggesting that there was a continuous balance be-
tween a breakdown cycle of C3b, produced by Factor I, and an ampli-
fication loop which was already known where C3b combines with
Factor B to give rise to C3bBb, which is then cleaved by Factor D to give
rise to a C3 convertase. This kinetic scheme of the alternative pathway
was subsequently refined to take account of the role of Factor H as a co-
factor for Factor I, but essentially has stood the test of time. What is
required is that there must always be a trivial amount of C3 activation
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Fig. 3. Infusion of Factor I into deficient patient.

Immunochemically determined serum protein concentrations. In the graph re-
presenting C3 concentration, open circles represent native C3 and closed circles
represent conversion products (usually C3b). Normal ranges are: Factor B
(GBG), 12-56 mg/100 ml; C3, 100-200 mg/100 ml; properdin, 8-30 pug/ml; C5,
41-158% normal (from Ziegler et al., 1975).

in progress so that the two cycles are kept in balance and so that the
removal of Factor I instantaneously activates the pathway. This was
known as the “tickover hypothesis” the analogy being with an engine
which ticks over but the car doesn’t move, but if then the cycle is ac-
celerated the car can be propelled forwards (Lachmann and Nicol,
1974; Lachmann and Halbwachs, 1975). The nature of the tickover was
not then, or even now, securely known, but Pangburn and colleagues
(1981) made the suggestion that the water hydrolysis of C3 at a very
low rate might provide the trigger amount of a C3b-like molecule
known to keep the tickover functioning. This idea is plausible and at-
tractive but is almost impossible to test. Unfortunately it has been quite
widely misunderstood and recent papers on the tickover (Nilsson and
Nilsson Ekdahl, 2012) postulate the formation of substantial amounts of
a tickover component which is clearly iC3i and cannot be the molecule
that produces the tickover. It is quite likely there are multiple me-
chanisms for maintaining tickover. The water hydrolysis is one, but
trivial amounts of C3b may also be produced by other enzymes, either
from the clotting system, plasmin or neutrophil elastase. The classical
and lectin pathways are likely to be activated quite frequently and
traces of C4b2a or of MASP-2 (which can directly cleave C3) will pro-
vide more than enough C3b for tickover (Yaseen et al., 2017). It is only
when reactions are performed in Mg EGTA to remove calcium that the
alternative pathway can be fired in isolation. However, even then
caution is needed since one group of lectin pathway activators, the fi-
colins, are not C-type lectins and do not need calcium for activation of
the lectin pathway. They may be involved in some reactions which are
currently regarded as exclusively due to the alterative pathway.
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Table 1
S77 prevents the complement activation produced by Factor I depletion of
serum.

422
95

211
95

105
95

53
95

26 13 0
95 0 0

S77 concentration pug/ml
% haemolysis

Recently it has become possible to confirm the tickover hypothesis
by the use of an antibody (S77) that inhibits it. This antibody was made
by Genentech (Katschke et al., 2009) and is directed against a de-
terminant on the MG7 domain of the C3 alpha chain. It reacts with C3b,
iC3b and C3c but not with native C3; and inhibits C3b binding to Factor
B, Factor H, CR1 and C5, but not to properdin. This antibody, we were
able to show, inhibited tickover (Lachmann et al., 2018a) when tested
in the system which gave rise to the concept of “tickover”, i.e.activation
of the alternative pathway by Factor I depletion of serum. S77 to a
concentration of about 26 pg/ml can prevent this activation (Table 1).

S77 dilutions in veronal/EDTA were added to 50% NHS and in-
cubated at 4 °C for 30 min.. Fab, anti-factor I was added and incubated
on ice for 1h. The precipitate was spun down and the supernatant re-
moved. Rabbit erythrocytes and Mg were added, incubated at 37 °C and
haemolysis read.

It can also be shown directly to inhibit the binding of C3b to Factor
B, which is the essential reaction for tickover. Interestingly, this in-
hibition is markedly suppressed if nickel is used instead of magnesium.
It is known that nickel greatly increases the affinity of Factor B for C3b
(Fishelson et al., 1983) and this, therefore, is evidence that this is the
reaction which is inhibited. Exactly how S77 produces these effects is
not clear as, for example, it reacts also with C3c which is not known to
bind Factor B. The antibody might be useful in treating PNH but for
other purposes the fact that it can react with so many C3 breakdown
products means that it is likely to be consumed where there is ongoing
complement activation by other pathways.

The intriguing example that springs to mind concerns the original
experiments of Pillemer et al (1954) who isolated properdin by treating
serum with zymosan at 17 °C and then eluting the properdin with a
slightly alkaline, high ionic strength buffer. This eluted material needed
to be added back to a mixture of zymosan and properdin-depleted
serum for the inactivation of “C’3” to occur above 20 °C. The removal of
properdin by zymosan appeared to need components of the classical
pathway but the reaction was done in serum treated with a calcium
binding resin so that calcium should have been absent. This would
suggest (reviewed in Lachmann, 2018) that C3b would become bound
to zymosan as a result of lectin pathway activation through ficolins
which do not require calcium and, being on a protected surface, would
preferentially bind Factor B rather than Factor H. While formation of
the active alternative pathway C3 convertase requires a temperature
around 37 °C, these experiments suggest that Factor B does bind to C3b
at 17 °C and allow properdin to bind to the complex.

The description of the alternative pathway as having no initiating
event, but being entirely rate-governed by the balance between the C3b
feedback cycle and the C3b breakdown cycle was reported at the
International Complement Meeting on Coronado Island in 1973
(Lachmann and Nicol, 1973b). The presentation had a mixed reception.
In particular it was rejected by the La Jolla group who were at that
time, and for some years afterwards, wedded to the idea that there was
an “initiating factor “for the alternative pathway which was non-im-
munoglobulin in nature and was the physiological analogue of the C3
nephritic factors that were described originally by Spitzer and collea-
gues (1969) and which Thompson (1972) had shown to be associated
particularly with IgG3. The papers by Schreiber et al on the initiating
factor were published in 1976 (Schreiber et al., 1976a,b) and have
never been withdrawn. It is curious, and perhaps ironic, that in retro-
spect it was realised by Dr. Schreiber (personal communication) that
the initiating factor that they had purified was in fact Factor I. What is
less clear is why they thought that this was a method for initiating the
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alternative pathway. It was also subsequently shown with unimpeach-
able clarity that nephritic factors are indeed immunoglobulins. Davis
and his colleagues (1977) showed that they cross the placenta, which is
peculiar to IgG among molecules of that size, and the Hammersmith
group (Scott et al., 1978, 1981) showed that nephritic factors could be
converted to Fab2 or Fab fragments, and that these were still active.
This group also subsequently showed that the peculiar activity of these
antibodies, which were somewhat larger than normal IgG, seemed to be
due to an abnormal content of carbohydrate since treatment with per-
iodate stopped them from stabilising the C3 convertase and converting
C3 in normal serum.

An unexpected property of Factor I was described in 1975
(Lachmann and Halbwachs, 1975) who did experiments increasing the
Factor I concentration in serum and looking at what effect this had on
alternative pathway activation. It was shown that raising the Factor I
concentration markedly enhanced the C3b breakdown cycle and in-
hibited the alternative pathway quite strikingly. Increasing the con-
centration by only about 25 percent almost completely inhibited al-
ternative pathway activation by particulate inulin or LPS. This was
surprising then and remains surprising now because in general, in the
triggered enzyme cascades of blood plasma, the enzymes are present in
considerable excess of the amount required and are not rate limiting. In
the case of the alternative pathway, this is not true and a similar phe-
nomenon is true of Factor D where increasing concentrations have a
potentiating effect, certainly on lysis produced by the alternative
pathway, as shown by Mathieson et al (1993) who demonstrated that it
is the regions of adipose tissue that have high concentrations of Factor
D that are affected by partial lipodystrophy in patients with nephritic
factors who suffer from this disease.

It was recognised almost at once that this property of Factor I gave
rise to a promising therapeutic for inflammation where the alternative
pathway plays an important role. In the mid-1980s Cell Tech Ltd.,
which was a company devoted to bio-therapeutics, agreed to make
some Factor I which might be tested — at that time it was thought
possibly in rheumatoid arthritis and/or systemic lupus. They did indeed
make a substantial quantity of human Factor I by affinity chromato-
graphy using the MRCOX21 monoclonal anti-Factor I antibody (Sim
et al., 1993) by the method of Hsiung et al. (1982). Unfortunately, on
analysis, it turned out that this antibody preparation contained quan-
tities of mouse DNA in excess of that allowed by the regulatory au-
thorities. Although this is almost certainly of no clinical significance, it
prevented this antibody being used in vivo and Cell Tech Ltd., rather
than admitting that they had made a mess of the preparation by not
cleaning up their monoclonal antibody sufficiently and then making
another batch, simply dropped the project. This was perhaps my first
introduction to the well-known policy in the biotech industry of “fast to
fail”. This involves taking the idea and doing one single experiment to
try to take it to the clinic as quickly as possible without necessarily
doing the prior studies that are needed in detail. If this fails, they drop
it, and if it succeeds they then charge enough for it to recompense
themselves for all the examples that have failed. This common, but
wholly deplorable practice, is one of the factors that leads to medicines
being so prohibitively expensive. Nevertheless, involvement of Cell
Tech Ltd. Accelerated the cloning and sequencing of Factor I (cDNA and
derived amino acid sequence) (Catterall et al., 1987).

5. The actions of factor I

The original activity of Factor I was to convert C3b to iC3b (Fig. 4).

For this purpose it requires a co-factor which in the fluid phase is
Factor H but on cells can be MCP (CD46) (Seya et al., 1986) or CR1
(CD35) (Medof et al., 1982). Factor I has, however, an extremely im-
portant further physiological activity. This is to convert iC3b to C3c and
C3dg. For this purpose, it cannot, under physiological conditions, use
Factor H as a co-factor. This is because the affinity of Factor H for iC3b
is very low. Were this not the case it would clearly compromise the C3b
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Fig. 4. C3b Feedback and Breakdown Cycles.

breakdown loop since it is necessary to release the Factor H from iC3b
so that it can react with further C3b. In vivo, the co-factor that is re-
quired for the cleavage of iC3b to C3c and C3dg is CR1. In humans, this
receptor is found only on red blood cells in the circulation but it is also
present on neutrophils and monocytes when these cells are on surfaces.
For experimental purposes, however, it is possible to use Factor H as a
co-factor for this final split simply by reducing the ionic strength
(Lachmann et al., 2018a,b). This is convenient since it is easy to make
EAC3Dbi simply by treating EA with a human R3 reagent (human serum
absorbed with zymosan). EAC3bi reacts with conglutinin and the re-
activity is lost by the cleavage of iC3b which elutes C3c and leaves C3dg
on the red cell surface. This in-vitro test demonstrates quite con-
clusively that it is only the affinity of iC3b for its co-factors that is
important in their activity.

The reason that this final split is so important in vivo is that a
principal and necessary mechanism for much complement mediated
inflammation is the reaction of iC3b with the complement receptors
CR3 (and probably CR4 as well) on neutrophils. In the absence of iC3b
complement mediated immunopathology is not seen. This was ex-
tremely elegantly demonstrated in mice by Rose et al (2008) who de-
monstrated that glomerular damage occurs spontaneously in Factor H
knockout mice but not in Factor I knockout mice. They then made
double knockouts of both Factor H and Factor I and they again failed to
show immunopathology. When these mice were injected with normal
(Factor I-containing) mouse serum the renal immunopathology appears
within hours demonstrating conclusively the need for Factor I in gen-
erating iC3b and causing immunopathology. An observation analogous
to what was found in the mice was already known in humans where
totally Factor H-deficient subjects (reviewed by Pickering and Cook,
2008) and a whole population of Factor H-deficient pigs (Hogdsen
et al., 1995) suffered from severe renal disease, whereas Factor I defi-
cient subjects may have pyococcal infections as did the original patient,
TJ, or may have just the occasional meningococcal infection, as did our
second patient in the North of England (Thompson and Lachmann,
1977) and occasionally they may even be normal. There are now at
least thirty reported homozygous Factor I deficiencies and their clinical
status is reviewed by Alba-Dominguez et al. (2012). Heterozygous
Factor I deficiencies are much commoner and comprise 7.8 per cent of
cases with age related macular degeneration (AMD) (Kavanagh et al.,
2015). Heterozygous Factor I deficiency is also a susceptibility gene for
atypical haemolytic uraemic syndrome (Fremeaux-Bacchi et al., 2004).
The very rare occurrence of renal disease in these patients may be an
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ascertainment artefact since it is patients with renal disease who have
their complement measured, but it is also possible, and there is a re-
ported case (Sadallah et al., 1999), that this is the consequence of
bacterial infection following on the Factor I deficiency giving rise to
immune complex glomerulonephritis.

The major immunopathological consequences of the hyperactive
alternative pathway are the renal diseases (atypical haemolytic uraemic
syndrome, dense deposit disease and C3 glomerulopathy) and age re-
lated macular degeneration. The two are associated and the patients
who get retinal changes earlier in life than anyone else are the patients
with nephritic factors (Duval-Young et al., 1989; Colville et al., 2003).
It is therefore extremely likely that the pathogenesis is at least in part
similar and that the changes giving rise to the macular degeneration
occur over a much longer period. These may result from repeated Gram
negative infections or exposure to endotoxin over a long period of time.
Exacerbation of the disease by smoking is a further indication that
polymorphs are likely to be involved. The nephritic factor positive
patients also show that the complement mediated (chromosome 1-as-
sociated) age related macular degeneration is a systemic disease (Scholl
et al., 2007).

Factor I deficiency, therefore, turns out to be a very strange con-
dition. Heterozygous Factor I deficiency where the levels are low has
the highest penetrance of any complement abnormality in age related
macular degeneration (Kavanagh et al.,, 2015) and as far as im-
munopathology is concerned it is the heterozygotes that are at risk
whereas the homozygotes are probably completely protected.

6. The therapeutic use of factor I

With the advent of knowledge about age related macular degen-
eration, the attitude of the pharmaceutical industry to the complement
system in general and to Factor I changed since they now had an im-
mensely common disease where there was a major unmet medical need.
The potential use of Factor I as a rational way of down-regulating the
alternative complement pathway is persuasive. Since this involves only
increasing the concentration of a normal plasma component there is no
likelihood of immunogenicity. The plasma concentration of Factor I is
fairly low (around 35 pg/ml) so that effective elevation of concentration
requires much less protein than would be the case with Factor H (whose
plasma concentration is around 500 pg/ml. Raised Factor I levels are
further capable of accelerating the break down pre-existing iC3b (a
property not shared by Factor H). A further advantage is that raising
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Factor I concentration provides a titratable depression of complement
activity rather than its total abolition. In spite of this it has proved
extremely difficult to take this obvious therapeutic to the clinic.

The first logical way would be to prepare Factor I from plasma.
Factor I is largely found in Cohn Fraction IV of plasma, which is gen-
erally discarded in plasma fractionation and of which large quantities
therefore exist. There is one company, Kamada, in Israel that does have
a license for fractionating Cohn Fraction IV and does make transferrin
from it. Since this transferrin is made by ion exchange and size chro-
matography, it co-purifies with Factor I and their preparation of
transferrin is very rich in Factor I (personal observations). Sadly,
however, this material is not made to GMP because there is no clinical
use for transferrin and it is made only for tissue culture. Although in
practice this almost certainly makes no difference to its safety, the
regulators are highly emphatic that it cannot be used even on human
volunteers. Factor I purification from plasma would require de novo
fractionation from Cohn Fraction IV and no plasma company has so far
been willing to invest in this project. This leaves the alternatives of
making Factor I by recombinant techniques or of using gene therapy.

The former was explored by my laboratory in conjunction with and
supported by GlaxoSmithKline (GSK). The preclinical experiments were
very encouraging (Lay et al., 2015; Lachmann et al., 2016) and re-
combinant Factor I could be generated by GSK at small scale. However,
the scientific team were disappointed that scaling up production of
recombinant Factor I, with the intent to manufacture, proved particu-
larly challenging with extensive protein degradation and the company
felt it was unlikely that it could be developed commercially. GSK de-
prioritized the project and soon after gave up ophthalmology alto-
gether. When initial meetings to discuss the project were held there was
considerable scientific enthusiasm for the project (which resulted in "4
years of collaborations with my laboratory and the initiation of a pro-
gramme at GSK). However, knowing the challenges with scale up, there
was a brief intervention by a lady from the commercial part of the
company who told the assembled audience that if they imagined that
GSK would commit to the large scare preparation of any protein other
than an antibody they were fooling themselves and she then left. None
of the rest of the audience took her warning sufficiently seriously but
she was, of course, proved right and at the point when committing to
large scale production had to be made GSK dropped the project.

Gene therapy is currently being explored. In mice, experimental
gene therapy using an AAV8 vector for Factor I production in the liver
has been very successful (Ahmad et al., 2017) and disease model testing
is being undertaken. AAV8 delivery to human liver has so far proved
much more difficult but it is hoped that this problem will be solved
before too long. In the meantime, the local administration of a Factor I
gene therapy vector to the eye is also under investigation. Ocular gene
therapy has been effective in getting the therapeutic transgene ex-
pressed for several years, in a rare inherited blinding disease, (Leber
Congenital Amaurosis type 2). The Factor I gene therapy investigation
in the eye started in 2016, when a UK based start-up - Gyroscope
Therapeutics — in-licensed from Cambridge University the intellectual
property around the potential use of Factor I to restore the balance of
the alternative pathway in AMD. A Factor I viral vector was developed
and obtained all necessary regulatory approvals enabling further testing
in AMD patients. In January 2019 Professor Robert MacLaren in Oxford
treated the first patient with this vector, as part of a Gyroscope Ther-
apeutics sponsored phase I-II clinical trial (NCT 03,846,193). Results
are expected in 2021.

It is now forty-four years now since the publication of the paper by
Lachmann and Halbwachs (1975) which underlies this therapy, and the
first clinical trial was initiated in January 2019. It is a sad state of af-
fairs that this has taken quite so long!
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