
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Processing of apoptotic cells in health and systemic autoimmune disease

Zwart, B.

Publication date
2010

Link to publication

Citation for published version (APA):
Zwart, B. (2010). Processing of apoptotic cells in health and systemic autoimmune disease.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/processing-of-apoptotic-cells-in-health-and-systemic-autoimmune-disease(5bf2e3b6-33e5-4b46-a53f-d55f998b5516).html


Chapter 9

General discussion



Chapter 9

General discussion

The  early  expression  of  phosphatidylserine  (PS)  on  the  EAC  membrane 
warrants prompt phagocytosis by surrounding amateur phagocytes such as epithelial 
cells, endothelial cells and fibroblasts, and professional macrophages.1-4 An abundant 
array of proteins bind to PS and phosphatidylethanolamine (PE) and further promote 
their  uptake  by  phagocytes  (summarised  in  chapter  1).  We  observed  low  but 
significant binding of  β2GPI and SAP to EACs suggesting that these proteins may 
attribute to the clearance of EACs. However, immunoglobulin and complement binding 
to EACs is almost absent, suggesting that these proteins are probably not involved in 
clearance of EACs. 
If clearance of EACs is shortcoming then loss of membrane integrity will  inevitably 
evolve. This event is associated with increased expression of phospholipids and result 
in  strongly increased binding of  β2GPI,  SAP and CRP to LACs. Also, natural  IgM 
binds to LACs and promote C1q-mediated C4 and C3 binding. C4 and C3 promote the 
uptake of LACs via complement receptors. A role for C1q receptors in clearance of 
LACs is doubtful in the absence of substantial C1q binding. Apparently, IgM-mediated 
and C1q-mediated complement binding and opsonisation constitute a safety net that 
promotes clearance of LACs, although perhaps at the cost of some inflammation.
Meanwhile a plasma nucleosome releasing factor (NRF), a new function of Factor VII-
activating  protease  (FSAP),  enzymatically  removes  nucleosomes  from LACs.  The 
physiological  significance of  NRF remains to  be established.  However,  removal  of 
nucleosomes may prevent the exposure of this potential autoantigen in the presumed 
pro-inflammatory  context  of  the  LAC.  Nucleosomes  released  from  LACs  bind  to 
membrane heparan sulphate proteoglycans and is endocytosed by surrounding cells.5-

6 Nucleosomes that escape local uptake presumably end up in the marginal zones of 
lymph nodes or they may reach the circulation where they are rapidly cleared by the 
liver.7

SLE is a systemic disease that is characterised by the production of affinity-
maturated IgG antibodies against many cell membrane and intracellular components, 
especially antinuclear antibodies (ANA). Deposition of IgG and autoantigen in blood 
vessels results in multi-organ dysfunction, notably nephritis. Interestingly, binding of 
IgG from SLE plasma to EACs is absent. Apparently, EACs are no important trigger 
for autoantibody production and a role for autoantibodies in the clearance of EACs is 
unlikely. In contrast to healthy donor plasma, abundant IgG and C1q binding to LACs 
is observed with SLE plasma, whereas binding of C4 and C3 is similar. Increased 
binding of IgG will promote FcγR-mediated uptake of LACs and the significant binding 
of C1q may promote uptake of LACs via C1q receptors.8-10 It is reasonable to assume 
that LACs opsonised with IgG and complement will endow a LAC with a strong pro-
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inflammatory stimulus and that this stimulus is different from the opsonisation of LACs 
in healthy donor plasma where IgG and C1q binding are low.

The  release  of  nucleosomes in  SLE plasma is  seriously  hampered  in  the 
presence  of  ANA,  especially  nucleosome  antibodies  and  dsDNA  antibodies. 
Nucleosomes from LACs remain associated with the cell despite the presence of NRF 
and  ANA depletion of  SLE plasma reconstitutes  NRF activity.  The mechanism by 
which SLE ANA inhibits NRF remains to be established. ANA may conceal the binding 
site of NRF and prevent subsequent activation of NRF. Alternatively, ANA may simply 
prevent nucleosome release by forming immune complexes that are simply too large 
to dissociate from the LAC.  Recent data has shown that complexes of nucleosome 
and  anti-nucleosome  may  provoke  a  strong  pro-inflammatory  signal  via  the 
simultaneous  activation  of  Toll-like  receptors  and  Fcγ-receptors,  promoting  IFNα 
release and the production of autoantibodies.11-13 On the other hand, binding of ANA 
and inhibition of NRF keep nucleosomes associated to the LAC and this may prevent 
nucleosome  release  in  the  lymph  or  circulation.  As  a  consequence,  vascular 
deposition of immune-complexes, vasculitis and disease exacerbation may not occur 
and active disease is prevented.

 An increased disease activity (SLEDAI) is significantly associated with normal 
NRF activity whereas the NRF activity in plasma of patients with inactive disease is 
decreased. This is in marked contrast with an unpublished recent study of our group 
showing  that  a  selection  of  sera  from patients  with  active  disease  and  high  Farr 
showed decreased NRF activity whereas NRF activity in sera of these same patients 
with  inactive disease was normal.  Obviously,  high affinity dsDNA antibodies inhibit 
NRF activity, as expected. The most likely explanation for this discrepancy may be the 
timing of sampling, as samples were unselected for disease activity and Farr in the 
transversal  study  as  described  in  chapter  7.  In  contrast,  samples  from  the  later 
longitudinal study were primarily selected for disease activity and high-affinity dsDNA 
antibodies.  Merging  data  of  both  studies  in  a  theoretical,  comprehensive  model 
suggests that four consecutive profiles may be discriminated in a SLE patient (figure 
1).  According to this model,  patients  with  low NRF activity,  most  likely  due to  the 
production of  nucleosomal  antibodies,  are at  risk  to develop active  disease.  Once 
dsDNA  antibodies  are  formed  active  disease  ensues.  Upon  resolution  of  dsDNA 
antibodies  the  NRF  activity  may  recover  rapidly,  whereas  the  disease  activity 
normalises  at  some  later  stage.  It  would  be  interesting  to  verify  this  hypothetical 
model,  as  patients  at  risk  for  exacerbation  of  the  disease  may be  identified,  and 
perhaps treated.

Several genetic deficiencies have been identified that are associated with the 
development of SLE (summarised in table 1). Lactadherin (milk fat globule-epidermal 
growth factor-like 8, MFG-E8) binds to apoptotic cells and promotes their uptake by 
macrophages via the vitronectin receptor. Lactadherin deficiency is associated with 
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Figure 1. Hypothetical model showing the contemporary relation between NRF, anti dsDNA and 
disease activity in time
Group I represents patients with low NRF activity and low disease activity that are at risk when anti-dsDNA 
is formed.  Group II represents patients with low NRF activity and high disease activity in the presence of 
anti-dsDNA antibodies.  Group III represents patients with normalised NRF activity and persistent high 
disease activity in the absence of anti-dsDNA. Group IV represents patients with normal NRF activity and 
low disease activity.

accumulation  of  apoptotic  B-  and  T-cells  in  germinal  centres of  lymph nodes and 
spleen showing that increased exposure to inadequately removed apoptotic cells in 
lymphoid tissue promotes the development of autoimmune disease.14

SAP deficiency is associated with accelerated development of SLE in SLE-
prone mice.15 SAP binds to the cell  membrane and nucleosomes and it  has been 
involved in the dissolution of nucleosomes and the removal of apoptotic cells. In the 
absence of SAP, nucleosomes may precipitate in tissue and promote an autoimmune 
response.  However,  other  yet  unidentified  genetic  traits  also  play  a  role  in  the 
development of SLE in such SAP-deficient animal models.16 Though SAP is an acute 
phase protein in mice, SAP is constitutively present in humans and displays no acute 
phase behaviour. CRP is considered as the human counterpart of murine SAP and 
CRP is an important acute phase protein in man. CRP has also been involved in the 
binding  and  clearance  of  nucleosomes  and  apoptotic  cells.17 Interestingly,  certain 
genetic  polymorphisms in the CRP-gene and the CRP-gene promoter region have 
been associated with SLE in humans.18,19 Also, polymorphisms in the MBL gene as 
well as the MBL-gene promoter region have been associated with SLE in humans.20,21 

Though purified MBL binds to LACs, presumably via PS and PC, its binding is absent 
in a whole plasma milieu. Moreover,  as mannose is unable to prevent C4 and C3 
binding to LACs a role for MBL in complement activation on LACs is unlikely. 
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Table 1.  Genetic deficiencies or polymorphisms associated with SLE

Deficiency Presumptive mechanism*

MFG-E8 (lactadherin) defective phagocytosis of apoptotic cells

IgM defective phagocytosis of apoptotic cells

C1q defective clearance of immune complexes
defective clearance of apoptotic cells

C4, C2, C3 defective clearance of immune complexes
defective clearance of apoptotic cells

CRP-promoter region polymorphisms defective phagocytosis of nucleosomes
defective phagocytosis of apoptotic cells

SAP-gene polymorphisms defective phagocytosis of nucleosomes
defective phagocytosis of apoptotic cells

MBL-gene polymorphisms defective clearance of apoptotic cells

MBL-promoter region polymorphisms defective clearance of apoptotic cells

FcgR gene polymorphisms deregulated autoantibody response

FcgR promoter polymorphism deregulated autoantibody response

DNAse-I defective processing of necrotic cell DNA

*References in text

Except for their role in processing of nucleosomes and apoptotic cells, SAP, 
CRP and MBL are involved in the opsonisation and elimination of micro-organisms. 
Aberrant protein, decreased production or increased turnover of protein alter the first-
line  defence  against  microorganisms.  Impaired  clearance  of  microorganisms, 
prolonged inflammation and increased cellular  damage may ensue.  Hypothetically, 
such prolonged exposure to apoptotic cells could potently promote the development of 
autoantibodies in lupus-prone humans and mice.

Several  studies  have  shown  that  secretory-IgM  (sIgM)  and  complement 
deficiencies are strongly associated with SLE.22,23 Our data as well as observations by 
others show that  IgM and complement  bind to  LACs and it  has been shown that 
complement proteins are instrumental in LAC clearance. In the absence of sIgM or 
complement, LAC clearance may be defective and persistent exposure to LACs may 
lead to development of SLE. Although IgM binding to LACs is not affected in IgG-
depleted SLE plasma, complement binding to LACs was nearly absent. Obviously, 
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IgG-depletion  of  SLE plasma could  have  affected complement  activity  despite  the 
presence of  EDTA and 0.5  M NaCl.  Alternatively,  IgM from SLE patients  may be 
defective  in  the activation of  complement  and production  of  affinity-maturated  IgG 
autoantibodies may circumvent this defect.

Recent  data  suggest  that  certain  FcγR polymorphisms are associated with 
SLE.24-27 Tolerogenic signals may be lacking in the absence of FcγRIIb. The discovery 
that  DNA  binds  to  Toll-like  receptors  (TLR)  and  that  DNA  containing  immune 
complexes provoke autoimmunity via the concerted action of TLRs and FcγR has led 
to the discovery of TLR-polymorphisms that influence autoimmune responses.28-30

The  combined  action  of  plasmin  and  DNAseI  is  involved  in  the  removal  of 
nucleosomes  from  necrotic  cells  and  DNAseI  deficiency  is  associated  with 
development of SLE.31-33 This effect of plasma and DNAseI on necrotic cells seems 
comparable to the activity of FSAP in the removal of nucleosomes from LACs. We 
obtained yet  inconclusive evidence that  (functional)  NRF deficiency may exist  in  a 
subpopulation of SLE patients, since NRF activity could not be recovered after IgG 
depletion of these SLE patient plasmas. 

The observations that autoantigens accumulate in apoptotic cell  blebs, that 
these blebs bind C1q and that C1q deficiency is strongly associated with SLE has 
resulted  in  the  hypothesis  that  defective  clearance  of  apoptotic  cells  results  in 
autoimmunity and autoimmune disease.34,35 Interestingly, most, if not all of the genetic 
deficiencies that have been associated with the development of SLE appear to affect 
the handling of LACs and perhaps necrotic cells, but not of EACs. Immunoglobulin, 
complement,  SAP,  CRP  and  MBL  bind  almost  exclusively  to  LACs.  Presumptive 
FSAP deficiency may be involved in defective processing of DNA and only LACs but 
not EACs expose this DNA. This strongly suggests that defective processing of LACs 
propagate the development of SLE.

Although LACs are a potential source of autoantibodies and a probable trigger 
of autoimmunity, the existence of LACs may still be considered an in vitro artefact, as 
LACs are not observed in tissue or blood samples. A tentative explanation for this lack 
of LACs is that nucleosomes are removed from cells as soon as membrane integrity is 
lost. With its nucleosomes removed, the LAC is no longer stainable with DNA-binding 
dyes.  In  this  respect  it  is  worth  mentioning  that  various  studies  that  have  been 
performed with apoptotic cells that were considered to be EACs (PI staining negative) 
were actually permeable LACs from which nucleosomes were removed.

Numerous physiological and pathological processes result in the exposure to 
nucleosomes. It has been shown that repeated injection of syngenic apoptotic cells 
provokes transient  autoantibody production.36 Others have shown that  exposure to 
necrotic cells may induce autoantibodies.37,38 Recent studies suggest that autophagy 
of vital cells may provoke development of autoantibody.39,40 Autophagy is a process 
where intracellular proteins and organelles are taken up and digested in lysosomes 
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when  nutrients  are  shortcoming.  Large  amounts  of  cellular  peptide  fragments  are 
formed, captured by HLA and expressed on the exterior cell  membrane stimulating 
autoimmune  responses.  Several  pathological  conditions  such  as  sepsis,  brain 
ischemia and tumour treatment  result  in  the systemic release of  nucleosomes.41-43 

However, exposure to nucleosomes under these conditions has not been associated 
with a sustained production of ANA or in the development of autoimmune disease. 
It has been established that autoantibodies are produced several years before overt 
systemic autoimmune disease does occur.44 This autoantibody production is likely the 
first  indication of a decreased capacity to process LACs. When uncontrolled,  such 
continuous  exposure  to  LACs  will  inevitably  trigger  the  development  of  systemic 
autoimmune disease.
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