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AGING OF THE IMMUNE SYSTEM

The world’s population aged 60 years and older is expected to increase from 900 
million in 2015 to a total of 2 billion by 2050 (1). The increase of life expectancy 
around the world poses a major challenge for healthcare services as unfortunately, 
the health of the elderly population is not well maintained. Most of the health prob-
lems experienced by aged individuals are associated with chronic conditions due to 
frailty and progressive deterioration of immune function with age (2–4).

          Aging is characterized by multiple changes in the immune system. As a result 
there is a progressive reduction of its ability to mount effective humoral and cellu-
lar responses against threats, contributing to a higher risk of infection, cancer, and 
autoimmune diseases in the elderly (5,6). This age-related decline in immune func-
tions is commonly referred to as immunosenescence (5–8) which is a multifactorial 
process influenced by both intrinsic (genetic) and extrinsic factors. Immunosenes-
cence affects both branches of the immune system, the innate immune system, 
consisting of neutrophils, monocytes, natural killer (NK), and dendritic cells (DC) as 
well as the adaptive immune system, comprising B and T lymphocytes (7) (Figure 1).

AGEING-ASSOCIATED CHANGES OF THE IMMUNE SYSTEM

The age-associated decline in immune function contributes to increased suscepti-
bility for infectious and autoimmune diseases. As time passes by, immune cells un-
dergo a series of changes including impaired signaling and overall aberrant effector 
functions leading to an overall deterioration of immune function (9). Ageing associ-
ated changes of immune cells have a strong impact on vaccination efficacy, lead to 
a diminished resistance to infections and are associated with a state of chronic low 
grade inflammation referred to as inflammaging (9–12). Inflammation is a major 
contributor to the pathogenesis of several age-associated diseases such as metabol-
ic disorders (13), type 2 diabetes (14), Alzheimer’s disease (15) and rheumatoid ar-
thritis (16,17) among others. There is an intricate link between immunosenescence 
and inflammation, as these two mutually influence each other and synergistically 
contribute to the development of a variety of detrimental states. Hence, a better 
understanding of the molecular and cellular mechanisms underlying age-related in-
flammation and immunosenescence could aid the development of better strategies 
for disease prevention and quality of life improvement of the elderly population.
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Figure 1. Age-associated changes in innate and adaptive immunity. Ageing has major ef-
fects on both arms of the immune system. Several functions of neutrophils, macrophages, 
NK cells, Dendritic cells (DC), T cells and B cells have been described to be altered during 
human ageing. The most prominent examples of these changes are listed. Abbreviations: 
ROS, reactive oxygen species; TLR, toll-like receptor; TCR, T-cell receptor; MHC, major histo-
compatibility complex (18–27).

IMPACT OF AGEING ON IMMUNE CHECKPOINT MOLECULES

Persistent exposure to antigens can lead to a state of functional impairment of the 
immune system termed exhaustion. Immune exhaustion typically refers to dysfunc-
tional T cells characterized by poor effector function, sustained expression of inhib-
itory receptors and a transcriptional state different from that of functional effector 
or memory T cells (26,28). Exhaustion is co-regulated by a variety of cell surface 
inhibitory receptors such as Cytotoxic T lymphocyte-associated protein 4 (CTLA-4), 
Programmed Death-1 (PD-1), lymphocyte activation gene 3 (LAG-3) and T cell im-
munoglobulin mucin 3 (TIM-3) (28,29). Of note, several studies show that exhaus-
tion can be reversed by reinvigoration of immune cells through immune checkpoint 
(IC) therapy such as CTLA-4 and PD-1 blockade (30–33). Although IC are involved in 
T cell exhaustion it is important to consider that expression of IC is not limited to 
exhausted cells and that these IC molecules are of vital importance in the regulation 
of a normal immune response (Table 1). 
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Moreover, the expression of a certain IC molecule on exhausted cells does not indi-
cate that the IC molecule is the cause of their exhaustion or that it critically contrib-
utes to their functional impairment (34,35).

          A recently discovered B7 family member is the B7-H5 molecule V-domain-con-
taining Ig suppressor of T-cell activation (VISTA), also referred to as PD-1 homo-
log (PD-1H), platelet receptor Gi24 and, Differentiation of Embryonic Stem Cells 1 
(Dies1). For practical purposes, in this thesis, the B7-H5 molecule will be referred to 
as VISTA from here on. VISTA is a 55-65 kD type I immunoglobulin membrane pro-
tein with the extracellular domain homologous to PD-L1. VISTA is highly expressed 
on myeloid cells and to a lesser extent on T cells and tumor-infiltrating lymphocytes 
(36). VISTA can act both as ligand and as receptor on both APCs and T cells to inhibit 
T cell activation, proliferation and cytokine production (i.e. IL-2, IFN-ɤ ) (36–38). 
Interestingly, in 2019, Wang et. al. identified a novel ligand for VISTA, V-Set and 
Immunoglobulin domain containing 3 (VSIG-3) and demonstrated that the VSIG-3/
VISTA co-inhibitory pathway was able to inhibit human T-cell proliferation and cy-
tokine production (39). Of particular importance to this thesis, it has been demon-
strated that VISTA-deficient mice develop an age-related pro-inflammatory pheno-
type characterized by spontaneous T-cell activation and enhanced T-cell-mediated 
immune responses to neoantigens. Moreover, when interbred with 2D2 T-cell re-
ceptor transgenic mice that are susceptible to the development of autoimmune en-
cephalomyelitis, increased disease incidence and severity was observed (40) further 
attesting to the impact of VISTA on suppression of inflammatory T cell responses.
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Table 1. Immune checkpoint molecules and functions (41–43)

APC, antigen presenting cell; CTLA-4, cytotoxic T lymphocyte antigen-4; DC, dendritic cell; 
NK, natural killer; PD-1, programmed death-1; PD-L, programmed death ligand; TCR, T-cell 
receptor; Th, T helper; Treg, regulatory T cell.
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AGING-ASSOCIATED AUTOIMMUNE RESPONSES

While aging is linked to decreased immune responses, there is also evidence for the 
appearance of age-related development of auto-immune diseases such as vasculitis 
(47,48). The mechanism of developing autoimmunity during aging is not clear. How-
ever, one possible explanation is that, in an attempt to maintain effective immunity 
against infections and cancer, immune cells undergo several phenotypic and func-
tional alterations (i.e acquisition of innate-like receptors by senescent cells) to be 
able to mediate rapid effector functions. Unfortunately, such a process may carry an 
increased risk of autoimmune and inflammatory diseases in the elderly (6). Another 
major factor associated with the development of age-related autoimmunity is the 
increased prevalence of autoantibodies including rheumatoid factor and antinucle-
ar antibodies upon aging (6,47–50).

          In addition, the aging process is characterized by altered intercellular commu-
nication, genomic instability, stem cell exhaustion and cellular senescence (51). An 
important contributor to the above mentioned hallmarks of aging is inflammaging. 
Inflammaging in particular could be an important contributor to the development 
of T-cell driven autoimmune diseases in the elderly. This is because inflammaging 
likely reflects a shift from an anti-inflammatory state to a pro-inflammatory state 
where pro-inflammatory Th cells predominate over anti-inflammatory regulatory 
T cells in the CD4+ T cell compartment of older individuals (52,53). Likewise, aged 
monocytes and neutrophils contribute to inflammaging by a functional shift to-
wards a pro-inflammatory phenotype and overall decreased function (54,55).
 
VASCULITIS

Vasculitis is defined as an inflammatory process in which the vessel wall is the pri-
mary site of inflammation. Vasculitis can affect any type of vessel ranging from cap-
illaries, venules and arterioles to veins and arteries. Based on the size of vessels 
involved and specific clinical and pathological features, the most recent and cur-
rently most used classification of systemic vasculitides was proposed at the 2012 In-
ternational Chapel Hill Consensus Conference (Table 3) (56). As mentioned before, 
the aging process entails considerable changes in the immune system which may 
facilitate the induction of some of these vasculitides. Vasculitides such as antineu-
trophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) and Giant Cell Ar-
teritis (GCA) in which abnormalities in adaptive and innate immunity play a central 
role in their pathogenesis, are predominantly diseases of the elderly. 
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ANCA-associated vasculitis

The anti-neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitides 
(AAV) comprise a group of systemic autoimmune diseases characterized by chronic 
and systemic inflammation of small vessels. This life-threatening condition bears 
as a hallmark the presence of pathogenic autoantibodies against the neutrophil 
and monocyte lysosomal enzymes proteinase-3 (PR3) or myeloperoxidase (MPO). 
Within the group of AAV, three disorders with similar clinical and histopathological 
features can be distinguished: granulomatosis with polyangiitis (GPA), microscopic 
polyangiitis (MPA) and eosinophilic granulomatosis with polyangiitis (EGPA) (56,57). 
For this thesis we will focus on GPA. The incidence of AAV increases with age, with 
a peak-age of onset around 64-75 years (58). Of note, age is a predictor of AAV 
outcome characterized by poorer prognosis in older patients. The common clini-
cal manifestations of AAV are necrotizing inflammation of small- to medium-sized 
blood vessels with no or little deposits of immunoglobulins or complement in the 
vessel wall (57). Most frequently it affects the upper and lower respiratory tract and 
kidneys, but disease manifestations may occur in any organ of the body (59). While 
the AAV pathogenesis is not yet fully understood, there is a series of sequential in-
flammatory steps by which ANCA-mediated neutrophil activation leads to vascular 
inflammation: First, adhesion molecules are upregulated on vascular endothelial 
cells within a pre-existing pro-inflammatory environment. Pro-inflammatory cyto-
kines such as TNFα prime neutrophils resulting in translocation of PR3 and MPO to 
the cell surface, increasing their accessibility for the circulating ANCA. These pre-ac-
tivated neutrophils roll over and firmly adhere to the activated endothelial cells 
and, upon ANCA binding, become fully activated. Neutrophil activation results in 
degranulation of proteolytic enzymes and production of reactive oxygen species 
(ROS) that are injurious to the endothelium eventually leading to vasculitis (59–64). 

Giant Cell Arteritis (GCA) 

Giant cell arteritis (GCA) is thought to be an immune-mediated inflammatory syn-
drome which affects the elderly population with women being 3 times more sus-
ceptible than men (65). Histopathologically, GCA is characterized by granulomatous 
inflammation within the layers of the medium- and large-sized lamina elastica con-
taining vessels. The disease does not manifest before the age of 50, having a mean 
age at onset of 70 years (66); and annual incidence continues to increase up to the 
eighth decade in life (67). The immunopathogenesis of GCA is complex but main-
ly driven by 3 different cell types: dendritic cells (DCs), T cells and macrophages 
(68–70). In the development of GCA, four different phases can be distinguished: 
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Phase I is characterized by a loss of tolerance and activation of resident DCs of the 
adventitia by an unknown danger signal. Phase II starts with the recruitment, acti-
vation and polarization of CD4 T cells. The presence of pro-inflammatory cytokines 
such as IL-12, IL-18, IL-23, IL-6 and IL-1β polarizes CD4+ T cells toward Th1 and Th17 
cells. In the third phase of the immunopathological model of GCA, due to the strong 
infiltration of Th1 and Th17 cells and the consequential production of IFN-ɤ and IL-
17 respectively, vascular smooth muscle cells (VSMC) produce several chemokines 
(CCL2, CXCL9, CXCL10 and CXCL11) that trigger the recruitment of other immune 
cells (monocytes, Th1 and CD8 T cells). This phase is characterized by differentia-
tion of the recruited monocytes into macrophages and additional IFN-ɤ  production 
by Th1 and CD8 T cells supporting the chronic Th1 driven inflammatory response 
observed in GCA. The fourth and last phase, comprises the vascular remodeling 
processes in which IFN-ɤ activated macrophages of the media merge into multi-
nucleated giant cells located at the destructed internal lamina elastica producing 
growth factors such as vascular endothelial growth factor (VEGF) and platelet-de-
rived growth factor (PDGF) that promote neovascularization and induce the migra-
tion and proliferation of VSMC respectively. The outcome is vascular occlusion and 
ischemic symptoms triggered by intimal hyperplasia (67,71–74). The combination 
of multiple dysfunctional immune cells together with the destructed vessel wall has 
been reported to drive this pathogenic process, which supports the conclusion that 
multiple etiologic agents must be involved in the induction of GCA (71), therefore 
characterizing it as having a chronic course.

AIM AND OUTLINE OF THIS THESIS

The elderly population is more prone to suffer from chronic immune mediated 
diseases due to the age-associated changes that the immune system experienc-
es throughout life. This thesis aimed to study changes regarding IC molecule ex-
pression on the surface of immune cells during the ageing process in the healthy 
population. In addition, we aimed to study the contribution of altered checkpoint 
expression to the pathogenesis of age-related vasculitides such as AAV and GCA.

          Information concerning expression and kinetics of IC molecules on immune 
cells is limited and may well be affected by age and gender. To gain more insight 
into the impact of age and gender on the expression and kinetics of IC molecules, 
in chapter 2, expression levels of IC (i.e. VISTA, PD-1, CD40L, ICOS and CTLA-4) on 
circulating immune cells in fresh blood samples from healthy young and old donors 
were analyzed and compared between men and women. Furthermore, the kinetics 
of IC expression on circulating T cells was analyzed after stimulation in vitro and 

ThesisRHC.indd   17 12/27/19   4:43 PM



General introduction and outline of the thesis

18

compared between the different age and sex groups.

          In chapter 3, after reviewing the existing literature, we argue that changes due 
to age in expression and function of IC molecules lead to an unstable immune sys-
tem, making it more prone to tolerance failure and autoimmune vasculitis develop-
ment. Our argument is strengthened by a case report from our hospital describing 
a melanoma patient treated with IC inhibitors who subsequently developed GCA.

          V-domain-containing Ig suppressor of T-cell activation (VISTA) is a recently 
discovered negative immune checkpoint of the B7 family expressed by myeloid cells 
and T cells which upon ligation suppresses T cell activation. In mice, VISTA deficien-
cy has been demonstrated to induce an age-related pro-inflammatory phenotype 
characterized by spontaneous T-cell activation, thereby rendering these mice more 
prone to develop autoimmunity when interbred onto an autoimmune-susceptible 
background. Intrigued by these findings, we aimed to investigate the role of VISTA 
in the immune mediated age-related vasculitides GPA and GCA. In chapter 4 we 
investigated the expression of VISTA on leukocytes of GPA patients in remission in 
comparison to healthy controls. In chapter 5, in an effort to understand the possible 
added contribution of IC pathways to the dysregulation of CD4+ T cells in GCA, we 
investigated the expression of VISTA and other IC molecules on circulating mono-
cytes and CD4+ T cells of GCA patients. In addition, we assessed IC expression at the 
vascular site in GCA and non-GCA biopsies and determined the effect of VISTA-Ig 
engagement on CD4+ subset lineage differentiation in vitro.

          Throughout the studies presented in this thesis we assessed at least 12 differ-
ent parameters on a single-cell level by fluorescence-based flow cytometry to ana-
lyze the expression of different IC molecules on the surface of a variety of immune 
cells. This resulted in complex high-dimensional datasets which were at times dif-
ficult to analyze by traditional methods. New and better analysis and visualization 
methods are necessary to improve the accessibility of high-dimensional datasets. 
Therefore, in chapter 6, we show the analysis of data using the t-distributed sto-
chastic neighbor embedding (t-SNE) algorithm for visualization of high-dimensional 
datasets. While manual gating will continue to aid the analysis of data, these new 
computational tools will enable scientists to better analyze complex cytometry data 
and deepen our understanding of complex cellular systems and their interactions.

          Finally, in chapter 7, we summarize and discuss the implications of the findings 
presented in this thesis and recommendations for future research are provided.
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ThesisRHC.indd   27 12/27/19   4:43 PM



Effect of age and sex on IC expression and kinetics in human T cells

28

Abstract

Immune checkpoints (ICs) are crucial molecules in maintaining a proper immune 
balance. As such, ICs are targeted in various cancers and autoimmune diseases. 
Even though age and sex are known to have effects on the immune system and are 
well known to impact development of autoimmune diseases, the interplay between 
age, sex and T cell IC expression is not known.
          To study age-and sex-associated effects on IC expression by human T cells, 
whole blood of 20 healthy young and 20 elderly males and females was stained for 
CD3, CD4, CD19, CD45RA, CD25, CD28, PD-1, VISTA, ICOS, ICOSL, CD40 and CD40L. 
In addition, the kinetics of IC expression was studied in vitro by performing time 
course experiments on anti-CD3 and anti-CD28 stimulated T cells from young and 
elderly healthy donors (n=10 each) for up to 90 hours.
          Our study revealed an age-associated increase of CD40L by human CD4+ and 
CD8+ T cells and an age-associated decline of ICOS by CD8+ T cells but not CD4+ 
T cells. Interestingly, CD40 expression by B cells was found decreased in elderly, 
suggesting modulation of CD40L-CD40 interaction with age. The kinetics of IC ex-
pression revealed differences in magnitude between CD4+ and CD8+ T cells but 
did not seem to be affected by age and sex. Further phenotypic analysis of CD4+ T 
cell subsets by CD45RA and CD25 expression revealed an age-associated decrease 
of PD-1+ CD45RA- (memory) CD4+ T cells and increased expression of CD28 in the 
CD25-expressing CD4+ T cell subsets. This decrease in PD-1+ memory CD4 T cell fre-
quencies with age was found to track with the female sex. Cytomegalovirus (CMV) 
carriage did not confound these results.
          Collectively, our results show that both age and sex modulate expression of 
immune checkpoints by human T cells. These results could have implications for 
optimising vaccination and IC immunotherapy and move the field towards precision 
medicine in the management of elderly patient groups.
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Introduction

Age and sex are associated with many changes in immune function and with de-
velopment of multiple (auto)inflammatory diseases such as rheumatoid arthritis 
(RA), systemic lupus erythematosus (SLE), giant cell arteritis (GCA) and polymyalgia 
rheumatica (PMR) (1–3). In general, ageing is associated with an impaired immune 
system resulting in a higher incidence of infections in the elderly (4). Major age-as-
sociated changes in the immune system include a decrease in the number of lym-
phocytes, especially naive CD8+ T cells, and a decrease in the diversity of the T cell 
receptor (TCR) repertoire (5,6). In addition, humoral immunity wanes with ageing, 
which is presumably caused by both decreases in B cells and in the production of 
high-affinity antibodies (7–9). Compared to age-related changes in immune func-
tion, the effect of sex on immune function is less well understood. Nevertheless, it 
is known that there are multiple differences in the immune system between males 
and females. Some of these aspects are present throughout life, whereas others 
only emerge after puberty and disappear with the onset of menopause. This sug-
gests that both genetic and hormonal factors play a role (10). In general, females 
show stronger immune responses, including stronger T-cell responses, which may 
lead to an increased protection against different pathogens (10,11). In addition, fe-
male sex hormones such as estrogen enhance B cell responses (12). Consequently, 
a more active immune system in females during the reproductive years might be 
prone to develop inflammation and autoimmune related conditions (13).
          Immune checkpoints (ICs) are pivotal molecules in the regulation of the im-
mune response and thus important when studying age- and sex- associated effects 
on the immune system. IC molecules are currently targeted to treat cancer and 
chronic infectious diseases. During chronic infection and cancer, T cells become ex-
hausted, a state of poor effector function, which can be reversed by immunothera-
py which involves the antagonistic targeting of inhibitory ICs (14). Unfortunately, by 
activating the immune system to boost the immune response to tumour cells, sev-
eral immune-related adverse events (irAEs) affecting multiple organs of the body 
can occur (15). Among these irAES, development of rheumatic diseases has been 
reported (16,17), which underlines the importance of ICs in inflammatory diseases 
and adds to the complexity of IC therapy. 
          The best studied ICs belong to the so called B7 family, which consists of the 
co-stimulatory ICs CD28, Inducible T cell costimulatory (ICOS) and co-inhibitory ICs 
programmed death 1 (PD-1) and V-domain Ig suppressor of T cell activation (VISTA) 
(18). Except for CD28 expression, limited data is available on effects of age and 
sex on IC expression. Regarding ageing effects, several studies report on decreased 
CD28 expression by CD8+ and to a lesser extent CD4+ T cells of elderly people. 
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Lack of CD28 expression by T cells is considered to be a hallmark of immunosenes-
cence. On the other hand, increased PD-1 expression by CD8+ T cells was observed 
in elderly people as well, which is thought to be associated with a state of early 
exhaustion (5,19–21). VISTA is a relatively unexplored co-inhibitory IC. Our group 
recently found that VISTA suppresses T helper 1, T helper 17 and T follicular helper 
lineage differentiation (22). In addition, given that humoral immunity wanes with 
ageing, we were also interested in ICs involved in T-B cell interaction and how these 
are modulated by age and sex. When CD40 on B cells binds to CD40L on activated 
CD4+ T cells, B cells proliferate, B cell memory is induced and isotype switching and 
immunoglobulin production occurs (23,24). The pairing of ICOS and ICOSL in T-B 
cross talk has more indirect effects on B cell functionality as ICOS-ICOSL interaction 
leads to generation of T follicular helper (Tfh) cells, which are important for the 
differentiation of B cells into plasma cells (25–28).
          The aim of this study was to determine whether age and sex affect IC expres-
sion by T cells and if age and sex affect the kinetics of IC expression following in vitro 
stimulation. To this end, we investigated expression and kinetics of the co-stimula-
tory molecules CD28, ICOS and CD40L and the co-inhibitory molecules PD-1 and 
VISTA on both CD4+ and CD8+ T cells in young and elderly males and females. In ad-
dition, we investigated IC expression by memory and regulatory CD4+ T cell subsets 
and ICOSL and CD40 expression by B cells. Age- and sex- dependent differences in IC 
expression may underlie the higher propensity of females to develop inflammation 
and autoimmune conditions. In addition, the knowledge obtained could be import-
ant for optimising current vaccination and immunotherapies in the elderly and aid 
the development of precision medicine. 
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Materials and methods

Study population

To study the effect of age and sex on immune checkpoint expression, 20 healthy 
young (age <31 years, male/ female ratio 9/11) and 20 healthy elderly donors (age 
>54 years, male/female ratio 9/11) were enrolled in this study (Table 1). Due to 
technical constraints, ICOS expression was measured in 13 of the 20 healthy young 
donors (male/female ratio 7/6). The kinetics of immune checkpoint expression was 
determined in a subset of donors consisting of 10 healthy young and 10 healthy 
old donors (median age 26 and 72.5 years), each group consisting of 5 males and 5 
females.
          The participants health status was confirmed by a clinician through question-
naires in young donors and by physical examination, lab tests and questionnaires 
in elderly donors. Donors need to fulfill the adapted SENIEUR criteria for health 
status (29). The constitutional review board of the UMCG approved this study 
(METc2012/375) and all donors gave their written informed consent prior to blood 
withdrawal. 

*= CMV serostatus was inconclusive for 1 of the 20 young donors

Quantification of leukocytes

Absolute leukocyte counts of the majority of donors (14 young and 14 elderly do-
nors) were measured in EDTA blood according to the MultiTest TruCount method 
(BD Biosciences, Durham, NC, USA) according to the manufacturer’s instructions. 
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When absolute counts of an individual donor were measured on multiple days or 
when the individual donor’s age differed among the different experiments, the ab-
solute counts and ages were averaged (Supplementary Table 1). 

CMV status

An in-house Enzyme-Linked Immuno Sorbent Assay (ELISA) test was used to de-
termine the CMV status for each donor. To this end, 96-well ELISA plates (Greiner, 
Kremsmünster, Austria) were coated overnight with lysates of CMV-infected fibro-
blasts and control-wells with lysates of non-infected fibroblasts. Next, serial dilu-
tions of serum samples and standard IgG+ sera were incubated for 1 hour. After 
this, goat anti-human IgG-HRP (Southern Biotech, Birmingham, AL, USA) was added 
followed by a 1 hour incubation step. TBE substrate (Sigma-Aldrich, St. Louis, MO, 
USA) was added and samples were incubated for 15 min., after which H2SO4 was 
used to stop the reaction. The plates were scanned on a Versamax reader (Molecu-
lar Devices, Sunnyvale, CA, USA) and data was analysed with SoftMax Pro.

Immune checkpoint expression by whole blood immune cells

To measure IC expression on circulating immune cells, fresh blood collected in 
EDTA tubes was washed twice with PBS and stained with monoclonal antibodies 
detecting CD3, CD4, CD45RA, CD25, CD19, CD28, PD-1, VISTA, ICOS, ICOSL, CD40 
and CD40L for 15 minutes (Supplementary Table 2A). After surface staining, cells 
were fixed and red blood cells were lysed with FACS lysing solution (BD Biosciences, 
1:10 dilution). Samples were measured on a BD LSR-II flow cytometer. Positivity was 
determined by isotype controls and IC expression is presented as the percentage of 
positive cells within CD4+ and CD8+ T cells and B cells. CD4+ T cells were further 
subclassified into seven fractions by virtue of CD45RA and CD25 expression, based 
on the classification criteria reported by Miyara et al.(2009) and adapted by van der 
Geest et al. (2014) (Supplementary figure S1) (30,31). Fraction 1, 2 and 3 identify 
resting/naive regulatory T cells (Tregs), activated/memory Tregs and non-suppres-
sive or cytokine secreting Tregs, respectively. Fraction 4 and 5 comprise memory 
cells with dim CD25 and memory cells lacking CD25 expression, respectively. Frac-
tion 6 and 7 comprise naive cells and age-associated naive CD25dim T cells, respec-
tively (Supplementary figure S1).

ThesisRHC.indd   32 12/27/19   4:43 PM



Effect of age and sex on IC expression and kinetics in human T cells

33

Kinetics of immune checkpoint expression in vitro

IC kinetics was determined by measuring expression at defined time points after T 
cell stimulation in vitro. Briefly, peripheral blood mononuclear cells (PBMCs) were 
isolated from blood collected in heparin tubes by density gradient centrifugation 
using Lymphoprep (Alere Technologies AS, Oslo, Norway). Next, T cells were iso-
lated from PBMCs by negative selection using the MagniSort Human T cell Enrich-
ment Kit (Thermo Fisher Scientific, Waltham, MA., USA) or the EasySepTM Human T 
cell isolation kit (Stemcell Technologies, Vancouver, Canada) (Supplementary Table 
1, results were found to be similar for both kits, purity ≥92%) according to man-
ufacturer’s instructions. After T cell enrichment, 0.5 x 106 T cells were added to 
1 mL of Roswell Park Memorial Institute (RPMI) culture medium with HEPES and 
L-Glutamine (Lonza, Basel, Switzerland) supplemented with gentamycin (Lonza), 
in round-bottomed polypropylene tubes. Gibco DynabeadsTM Human T-activator 
anti-CD3/anti-CD28 (ThermoFisher, Waltham USA) were added to T cells in a ratio 
of 1:5. Stimulated T-cells were then incubated at 37°C, 5% CO2 and collected after 
1,2,3,4, 18, 42, 66 and 90 hours and stained for CD8, CD45RA, CD25, PD-1, VISTA, 
ICOS and CD40L. In parallel, unstimulated T cells were also assessed for the same 
ICs including CD28 at each time point (See supplementary Table 2 for the antibod-
ies used). Staining was performed as described in the previous paragraph.
 
Data analysis and statistics

Flow cytometry data was analysed with Kaluza Analysis Software (Beckman Coulter, 
California, USA) and graphs were created with GraphPad Prism 7 (GraphPad Soft-
ware, San Diego, USA). Two-tailed Kruskal- Wallis tests were performed when mul-
tiple groups were compared and Mann-Whitney U tests for comparing two groups. 
Interaction effects of age and CMV status were explored via factorial ANOVA. Age 
and sex effects on IC kinetics were explored as follows. First, data was plotted in 
Graph Pad Prism version 7 and visually assessed for a difference in expression of IC 
expression (Y-axis) between young and elderly males and females over time (X-axis). 
Consequently, as we visually detected an effect of ageing on PD-1 expression within 
stimulated CD8+ T cells, these ageing effects were further explored. The peak up-
regulation of PD-1 was after 18 hours and gradually declined thereafter but did not 
reach 0. Therefore, in the subsequent analysis we only took into account measure-
ments after 18 hours. We performed a 2-level, multilevel analysis (autoregressive 
1st order covariance structure) in SPSS version 23 to analyse if PD-1 expression on 
CD8+ T cells differed between young and elderly. The highest level was PD-1 ex-
pression on CD8+ T cells and the lowest level was the repeated measurements over 
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time. The dependent variable was PD-1 expression and the independent variables 
were time of measurement (18, 42, 66 and 90 hours) and age (young or elderly 
group). Independent factors were entered in the analysis. Interaction effects be-
tween age and time, age and stimulation, time and stimulation, time/time2 and 
stimulation were checked to see whether it improved the model fit. If this was the 
case, the predictor interaction remained in the equation. Thereafter residuals were 
checked for normal distribution. After cube root transforming of PD-1 expression, 
residuals were normally distributed. All results were considered statistically signifi-
cant when p<0.05. 
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Results

Effects of ageing and sex on numbers of circulating immune cells 
As ageing has been associated with alterations in peripheral blood immune cell 
counts, we first determined absolute leukocyte counts in the young and elderly 
donors by TruCount (Figure 1). We confirmed decreases of total lymphocytes in 
elderly donors (p=0.039). Furthermore, total T cell (CD3+) numbers tended to be 
decreased which was mainly due to decreases in CD8+ (p=0.017) but not CD4+ T 
cells. In addition, B cell numbers were decreased (p=0.004).

Figure 1. Absolute cell counts of total lymphocytes, CD3+, CD4+ and CD8+ T cells, NK cells 
and B cells in peripheral blood of young and elderly healthy donors. Absolute cell counts 
were determined by TruCount, see materials and methods. Horizontal bars reflect median 
values. Light pink values represent ranges outside the reference range, obtained from the lo-
cal diagnostic department. Solid circles represent females and open circles represent males. 
The Mann-Whitney U test was used for comparisons between young and elderly donors.

          Next, whole blood staining of CD4+ T cells employing CD4, CD45RA and CD25 
revealed shifts in naive/ memory ratios in the elderly group, as elderly donors had 
a higher frequency of memory CD4+ T cells (CD45RA-) than young donors (p=0.029) 
(Supplementary figure S2). Of note, the selected markers (CD45RA and CD25) were 
chosen to analyse CD4+ T cell differentiation subsets but do not allow an accurate 
analysis of the CD8 memory and naive subsets.
Furthermore, since CMV serostatus has known effects on immune function and as 
CMV seropositivity increases with age (32), CMV serostatus was determined for 
all donors. As expected, more elderly individuals were CMV positive compared to 
young donors (Table 1). Taken together, these results show ageing-induced differ-
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ences in immune composition and CMV serostatus. Importantly, no differences in 
immune cell numbers were detected between males and females. 

Effects of ageing on immune checkpoint expression in circulating CD4+ and 
CD8+ T cells

To study the effects of ageing on IC expression, frequencies of CD28+, PD-1+, VIS-
TA+, ICOS+ and CD40L+ T cells were first determined within total circulating CD4+ 
and CD8+ T cells of young and elderly donors. Ageing did not have a strong effect 
on frequencies of CD28+, PD-1+ and VISTA+ cells within both CD4+ and CD8+ T cell 
populations (Figure 2). However, ageing affected CD40L expression, as a statistically 
significant increase in the frequency of CD40L+ cells within both CD4+ and CD8+ T 
cells was observed in elderly donors, respectively (p<0.0001 and p<0.001). In addi-
tion, frequencies of ICOS+ cells within CD8+ T cells were decreased in elderly do-
nors (p<0.001), whereas ICOS+ CD4+ T cell frequencies did not seem to be affected 
by age. 

Figure 2. Immune checkpoint expression frequencies within CD4+ and CD8+ T cells of 
young and elderly donors. Ageing effects on immune checkpoint expression were deter-
mined by flow cytometric staining of whole blood. Graphs represent percentages of CD28+, 
PD-1+, VISTA+, ICOS+ and CD40L+ cells within total CD4+ (A) and CD8+ T cells (B). Open and 
closed circles represent males and females, respectively. Horizontal bars reflect median per-
centages. The Mann-Whitney U test was used for comparison between young and elderly 
donors. P values are indicated in the graphs.
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Effects of ageing on ICOSL and CD40 expression by circulating B cells

Both CD40/CD40L and ICOS/ICOSL interactions are important in T and B cell cross-
talk. As we observed a proportional increase of CD40L expression by CD4+ T cells 
in elderly donors but no effects of ageing on ICOS expression by CD4+ T cells, we 
wondered how ageing affects CD40 and ICOSL expression by B cells. Interestingly, 
whereas frequencies of ICOSL expressing B cells were not different between young 
and elderly donors, a proportional decrease of CD40+ B cells was found in elderly 
donors (n=16) (Figure 3). Thus, age had an opposite effect on CD40L expression by 
T cells and CD40 expression by B cells.

Figure 3. CD40 and ICOSL expression by B cells of young and elderly donors. Ageing effects 
on CD40 and ICOSL expression were determined by flow cytometric staining of whole blood. 
Graphs represent percentages of CD40+ cells (A) and ICOSL+ cells (B) within total B cells (A). 
Open and closed circles represent males and females, respectively. Horizontal bars reflect 
median percentages. The Mann-Whitney U test was used for comparison between young 
and elderly donors. P values are indicated in the graphs.

Effects of ageing on immune checkpoint kinetics in circulating CD4+ and 
CD8+ T cells

To investigate whether the capacity to express ICOS, CD40L, PD-1 and VISTA by 
CD4+ and CD8+ T cells upon stimulation is affected by ageing, we stimulated en-
riched CD4+ and CD8+ T cell populations with anti-CD3 and anti-CD28 stimulation 
beads and assessed proportions of IC positive cells at 1, 2, 3, 4, 18, 42, 66 and 90 
hours thereafter. Figure 4A illustrates the kinetics of checkpoint expression by CD4+ 
T cells of young and elderly donors. First, CD40L was most promptly upregulated 
and peaked at 18 hours after stimulation with more than 60% of CD40L+ T cells, af-
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ter which frequencies gradually declined over time. The kinetics of PD-1+ and ICOS+ 
cells showed a somewhat slower proportional increase, and expression reached a 
plateau at around 40% of CD4+PD1+ cells. The frequency of VISTA+ cells did not 
follow a clear pattern of upregulation after stimulation and remained low (<10%) 
compared to the other ICs. No effects of age on IC expression kinetics by stimu-
lated CD4+ T cells was detected. In addition, we did not detect differences between 
males and females on the kinetics of IC expression (data not shown). This would 
suggest that the capacity of T cells to upregulate immune checkpoints after anti-
genic stimulation is stable over age and comparable between males and females. 

Figure 4: Kinetics of immune checkpoint expression. T cells were stimulated and immune 
checkpoint expression was measured at several time points after T cell stimulation. Graphs 
illustrate median percentages of PD-1, VISTA, ICOS and CD40L expression by total CD4+ T 
cells (A) and CD8+ T cells (B) at indicated time points (n=10 young and 10 elderly donors). 
Black and grey solid lines represent the median expression percentages of young and elderly 
donors, respectively. Dotted black and grey lines represent unstimulated cells. Black circles 
represent young donors and triangles elderly donors. Error bars indicate interquartile range.
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The pattern of IC upregulation by CD8+ T cells was less pronounced than seen with 
the CD4+ subset (Figure 4B). Also, whereas the frequency of PD-1+ cells within 
CD4+ T cells stabilized after 42 hours of stimulation, their frequencies within CD8+ 
T cells decreased somewhat after 42 hours. Of note, CD8+ T cells did not seem to 
upregulate VISTA at all. In contrast, whereas age did not affect the kinetics of stim-
ulation-induced PD-1 expression by CD4+ T cells, it appeared that PD1+ frequencies 
within CD8+ T cells were more readily induced in the elderly. This difference, how-
ever, did not reach statistical significance as there was no main effect of ageing in 
the multi-level analysis (Table 2).

a: estimates of fixed effects

b: cube transformed values

Effects of Ageing on IC expression by CD4+ T cell differentiation subsets

Our data confirmed increased memory/naive T cell ratios in elderly donors. In ad-
dition, in line with previous studies, our further subtyping of naive and memory 
fractions, using the Miyara classification based on CD45RA and CD25 expression, 
revealed a shift from fraction 6 (naive T cells) to the ageing-associated fraction 7 
(naive, CD25dim T cells) in elderly donors (30,33) (Supplementary figure S3). Given 
these compositional changes, we next analysed the expression of ICs on naive and 
memory effector CD4+ T cell fractions (fractions 4-7, Supplementary figure S1). In 
addition, we assessed IC expression on naive and memory Treg subsets (fractions 
1-3) to gain additional insight in IC expression by effector versus regulatory CD4+ T 
cells. 
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          Interestingly, the higher frequencies of CD40L+ cells within CD4+ T cells of 
elderly individuals (Figure 2) was characteristic of all CD4+ fractions although fre-
quencies were relatively low (ranging between 0.4-4%, Supplementary figure S6).
          No effects of age were found on ICOS expression within total CD4+ T cells, as 
opposed to CD8+ T cells. After further subsetting of CD4+ T cells, however, frequen-
cies of ICOS+ cells within naive CD4+ T cells were found to be decreased in elderly 
donors, although the differences were small (Supplementary figure S7).
          It is well known that CD28- cells accumulate with ageing, especially in CD8+ T 
cells and to a lesser extent in CD4+ T cells (21). Whereas in our study the frequen-
cies of CD28+ cells within total CD4+ and CD8+ T cells were not affected by age 
in these selected healthy elderly donors, some effects of ageing were found after 
further subsetting of CD4+ T cells (Supplementary figure S5). We observed an unex-
pected proportional increase of CD28+ cells in the CD25-expressing T cell fractions 
of elderly donors. More specifically, in fractions 4 (p=0.001) and 7 (trend p=0.068) 
and in Treg fractions 1, (p<0.0001), 2 (p<0.0001) and 3 (p=0.001). Our data thus link 
increased frequencies of CD4+CD28+ in elderly to all CD25-expressing CD4+ subsets 
including Treg, suggesting a higher state of activation. 
          Furthermore, whereas PD-1 frequencies did not seem to be affected by age 
within total CD4+ T cells, subsetting of CD4+ T cells revealed strong effects of age 
on PD-1+ frequencies among naive and memory CD4+ T cells including the Tregs 
(Figure 5). More specifically, in the elderly donors, the frequencies of PD-1+ cells 
were decreased among total memory CD4+ T cells (p=0.04), fraction 4 (p=0.003) 
and Treg fractions 3 (p=0.011) and 2 (p=0.038). Also, PD-1 expression within frac-
tion 7 was decreased upon ageing (p=0.005), whereas PD-1 expression in fraction 
1, the resting/naive Tregs, was increased (p=0.003). The latter may have obscured 
the effects of age on PD-1 expression of total CD4+ T cells. Of note, VISTA expres-
sion frequencies among different CD4+ T cell fractions were not affected by ageing 
(Supplementary figure S8).
          Collectively, a more detailed analysis of CD4+ T cell differentiation subsets 
revealed ageing associated modulation of CD28, CD40L and PD-1 expression fre-
quencies among both effector and regulatory subsets.
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 Figure 5: PD-1 expression frequencies among naive and memory fractions of CD4+ cells 
of young and elderly donors. Ageing effects on PD-1 expression were determined by flow 
cytometric staining of whole blood. Graphs represent percentages of PD-1+ cells within to-
tal naive and different naive fractions and total memory and different memory fractions of 
CD4+ T cells. Open and closed circles respectively represent males and females. Horizontal 
bars reflect median percentages. Dashed line divides memory and naive fractions from reg-
ulatory fractions. The Mann-Whitney U test was used for comparison between young and 
elderly donors. P values are indicated in the graphs.

Effect of CMV serostatus on immune checkpoint expression by circulating CD4+ 
and CD8+ T cells

Ageing is associated with an increase in CMV seropositivity. Also, it is well known 
that CMV carriage modulates the immune system. Indeed, oligoclonal expansions 
of especially late stage memory CD8+ and presumably also CD4+ memory cells is 
typical of CMV infection (34). Moreover, higher frequencies of both CD8+ and CD4+ 
T cells lacking the IC CD28 have been reported in CMV carriers (35,36). Consequent-
ly, carriage of CMV may modulate expression of other IC molecules and should be 
excluded as a confounder in our study. Therefore, we assessed whether there are 
interaction effects of age and CMV in modulation of ICs by total CD4+ and CD8+ T 
cells and by CD4+ T cell subsets.
          Frequencies of CD40L were found increased within total CD4+ and CD8+ T cells 
of elderly donors. A statistically significant interaction effect between CMV (n= 19 
young, n=20 elderly) and age was found for CD40L expression in CD4+ T cells (F(1, 
35) = 5.2, p <0.05) and a trend in CD8+ T cells (F(1, 35) = 4.1, p=0.052). Comparison 
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of CD40L expression by CD4+ and CD8+ T cells between young and elderly CMV+ 
and CMV– carriers, however, showed that CMV carriage seems to dampen the 
age-associated proportional increases of CD40L+ T cells (Supplementary figure S4). 
Ageing effects on CD40 expression by B cells were not confounded by CMV status.
          CD28 was not differently expressed by total CD4+ and CD8+ T cells between 
young and elderly donors. After CD4+ subsetting, however, a proportional increase 
in CD28 expression was noted in the CD25+ fractions of CD4+ T cells of elderly do-
nors. Interestingly, an interaction effect of CMV and age was found regarding CD28 
expression within fraction 3 (resting/ non suppressive Tregs, F(1, 35) = 4.6, p<0.05) 
and fraction 4 (memory CD25dim cells, F(1, 35) = 4.3, p < 0.05). Contrary to expecta-
tions, comparison of CD28 expression in these fractions between elderly and young 
CMV+ and CMV- carriers shows that CD28 expression is increased upon ageing in 
CMV+ donors (and thus CD28- cells decreased) but not in CMV- donors (Supple-
mentary figure S4).
          ICOS was especially decreased by CD8+ T cells in elderly but an interaction be-
tween CMV and age was not found. Furthermore, PD-1 expression was decreased 
within several subsets of CD4+ T cells in elderly donors. Also, in these subsets no 
interaction effects between CMV and age were found.
          Taken together, age associated effects on ICOS, PD-1 and CD40L expression by 
CD4+ T cells are not likely confounded by CMV carriage. In contrast, there was an 
interaction effect of age and CMV serostatus for CD28 expression in defined CD4+ 
subsets. Here, CMV carriage led to proportional increases of CD4+CD28+ in elderly 
donors, a finding to be further investigated. 

Effects of sex on immune checkpoint expression by circulating CD4+ and CD8+ T 
cells

Sex effects on IC expression were determined by comparing IC expression by CD4+ 
and CD8+ T cells between males and females within each age group. Whereas sex 
did not affect CD28, VISTA, ICOS and CD40L expression frequencies within total 
CD4+ and CD8+ T cells and PD-1 within CD8+ T cells (data not shown), sex did have 
a substantial effect on the expression of PD-1 by (fractions of) CD4+ T cells. Inter-
estingly, the frequency of PD-1+ cells differed especially between elderly females 
and males (Figure 6A). Elderly females had lower frequencies of PD-1+ cells than 
males within total CD4+ T cells (p=0.038), total memory CD4+ T cells (p=0.046) and 
the memory fraction 5 (p=0.038), fraction 4 (p=0.02) and the non- suppressive Treg 
memory fraction 3 (p=0.031). Fraction 2, comprising activated Tregs, was the only 
memory fraction in which PD-1 expression did not differ between elderly males and 
females.
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          As our subsetting analysis revealed decreases of PD-1 frequencies in overlap-
ping memory CD4+ CD25dim cells (fraction 4) and the non-suppressive Tregs (frac-
tion 3) in elderly donors compared to young donors, we aimed to assess whether 
the age-associated decrease in these fractions is solely dependent on female sex. 
To this end, we assessed whether PD-1 expression was different between young fe-
males and elderly females (Figure 6B and 6C). Indeed, the age-associated decline in 
PD-1 frequencies in fractions 3 and 4 was found to associate with female sex since 
elderly females, but not elderly males, had a lower frequency of PD-1+ cells than 
young females (fraction 3, p=0.004 and fraction 4, p=0.003, Figure 6B,C). 
Taken together, our data reveal an age- associated decline of CD4+PD-1+ frequen-
cies within defined effector memory subsets of elderly females only. 

Figure 6: Effect of sex on PD-1 expression. Sex effects on PD-1 expression were determined 
by flow cytometric staining of whole blood. Graphs show the frequencies of PD-1+ cells in 
elderly males and females within different CD4+ fractions (A), and in all groups in fraction 
3 (B) and fraction 4 (C). Open and closed circles in figure 5A respectively represent males 
and females. Horizontal bars reflect median percentages. Dashed line divides memory and 
naive fractions from regulatory fractions. For the comparison of 4 groups, a Kruskal-Wallis 
test was performed and found to be statistically significant in fraction 3 and 4 (p=0.019 and 
p=0.005). The Mann-Whitney U test was used for comparison between two groups. P values 
are indicated in the graphs.
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Discussion

In this study we show that both age and sex modulate expression of immune check-
points by human T cells. More specifically, our study revealed an age-associated 
increase of CD40L by human CD4+ T cells and an age-associated decline of PD-1 
expression by CD4+ memory T cells of elderly females. The latter finding may aid 
the optimisation of PD-1 targeted immunotherapy and help the implementation of 
precision medicine in management of this vulnerable patient group.
          Given the limited knowledge on effects of age and sex on IC expression, this 
study aimed to investigate checkpoint expression and induction kinetics in young 
and elderly healthy males and females. Interestingly, the effects of age on T cell 
PD-1 expression were not conspicuous and were only revealed after subsetting of 
CD4+ T cells using CD45RA and CD25, adding to the value of this classification meth-
od (30). By measuring IC expression within defined subsets of conventional and reg-
ulatory CD4+ T cells, we found that PD-1 expression by especially effector memory 
CD4+ T cell subsets is affected by both age and sex. More specifically, PD-1 expres-
sion within defined fractions of memory CD4+ T cells is decreased upon ageing and 
is lower in elderly females than in elderly males. Stratifying results according to sex 
revealed also that the observed ageing effect on the non-suppressive and cytokine 
secreting Tregs (fraction 3) and the effector memory CD25dim cells (fraction 4) can 
be attributed solely to the decrease of PD-1 in elderly females. Previously, we re-
ported on higher frequencies of PD-1 expressing CD4+ T cells in young but not old 
patients with metastatic melanoma, data consistent with the current finding albeit 
that effects of sex were not documented (37).
          PD-1 has been identified as a crucial IC in the regulation of the immune system 
and more specifically in preventing auto-immune diseases (38). The rationale for 
this association arose from observations in PD-1 knockout mice, since these mice 
were prone to develop auto-immune diseases (39,40). Furthermore, blocking PD-1 
in an experimental autoimmune encephalomyelitis (EAE) mouse model resulted in 
aggravated disease progression (41). 
          Since elderly females in this study likely reached the post-menopausal status, 
the observed decrease in PD-1 frequency in elderly females compared to young 
females, may be explained by a decrease in female sex hormones such as estro-
gens. Interestingly, previous studies in mice have suggested an effect of estrogen 
on PD-1 expression by CD4+ Tregs. Firstly, estrogen (17-beta-estradiol) treatment 
increased intracellular PD-1 expression in CD4+ Forkhead box P3 (FOXP3)+ (Treg) 
cells in mice whereas oestrogen receptor knockout (ERKO) mice had reduced PD-1 
expression and reduced Treg suppression (42). Secondly, the PD-1 induction in the 
Treg compartment by estrogen was correlated with better suppression and hence 
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EAE protection whereas Treg deficient mice appeared to be unprotected against 
spontaneous EAE. Lastly, estrogen reduced IL-17 levels in immunized mice, whereas 
estrogen did not reduce IL-17 levels in PD-1 deficient mice. These results suggest 
suppression of IL-17 by estrogen-induced PD-1+ Tregs (43). 
          Thus, the mouse studies show that PD-1 expression by Treg can be modulated 
by estrogens with clear consequences for experimental autoimmunity. It remains to 
be elucidated if female sex hormones modulate T cell PD-1 expression in humans 
and if this is limited to the Treg compartment. Furthermore, further studies are war-
ranted to investigate whether female sex hormones in relation to PD-1 expression 
are associated with the higher incidence of auto-immune diseases in females. Addi-
tionally, other (hormonal) factors are likely involved in the regulation of T cell PD-1 
expression as well, as we did not observe lower PD-1 frequencies in elderly males, 
suggesting that effects of androgens and DHEAS, the main androgen in women, 
should be studied as well. Nevertheless, some auto-inflammatory diseases such as 
Giant Cell Arteritis (GCA), a large vessel vasculitis typically affecting elderly females, 
and late-onset Rheumatoid Arthritis (RA) could be related to a post-menopausal 
decrease in PD-1 expression. Clearly, this would require further dedicated studies.
          Importantly, age- and sex- associated differences in PD-1 expression could 
have implications for PD-1 checkpoint blockade therapies in cancer. These therapies 
typically reverse the state of exhaustion of tumour specific effector T cells. Several 
papers have reviewed the efficacy of PD-1 blocking therapies in clinical trials having 
included older adults and found contradictory and inconsistent results. For some 
cancers such as head and neck, non-small cell lung cancer (NSCLC) and metastatic 
renal cell carcinoma (mRCC), the efficacy of IC therapies in elderly people seemed 
to be decreased (44), but often no age-associated differences were found (45,46). In 
addition, some studies noted increased efficacies with ageing (47). Overall, it should 
be appreciated that elderly patients (>65 years) have been under-represented in 
many clinical trials, and that those who were included may not be representative 
of the elderly population in general (44,48). In addition, a meta-analysis addressing 
sex-dependent effects of IC therapy revealed a lower efficacy in women than in 
men. Here, differences between young and elderly patients were not addressed 
(49). Together, these findings indicate that more studies are needed to determine 
the efficacy and toxicity (iRAEs) of IC therapy in young and elderly males and fe-
males. Assessment of T cell PD-1 expression before start of treatment and how this 
affects efficacy and safety of PD-1 blockade therapy remains to be studied. 
          Frequencies of CD40L+ T cells were impacted by ageing as well. Although fre-
quencies of CD40L+ cells were low and differences in frequencies between young 
and elderly people appeared to be subtle, the increase in the elderly group was con-
sistent and seen in every subset of CD4+ T cells. CD40L is important in T cell/ B cell 
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interactions, and an increased expression could lead to an increased B cell response 
(23,24). However, this is contradictory with the notion that the humoral response 
wanes with ageing. Indeed, the observed proportional increase in CD40L+ cells 
seems to be a compensatory mechanism as CD40+B cells were decreased upon age-
ing. CD40L/CD40 interactions have been found to be important in autoimmune dis-
eases such as SLE. In SLE, CD40L expression is increased on circulating B and T cells 
but data on CD40 expression levels have not been reported (50). Elevated CD40L 
levels have been suggested to cause an amplification of the immune response and 
an increase in autoantibodies (50–52). Whether the observed increase of CD40L by 
circulating CD4+ T cells in elderly donors is solely a compensatory mechanism or has 
consequences for immune function and humoral responses remains to be further 
investigated. 
          Previous studies have shown a decrease in CD28 expression by CD8+ T cells 
and to a lesser extent CD4+ T cells, which has been attributed to both ageing and 
CMV carriage (5,35,53). Unexpectedly, CD28 positivity was not decreased but rath-
er increased upon ageing in this study, especially in CD4+ Tregs. To investigate why 
we did not find decreases in CD28+ cells, we analysed whether there was an inter-
action effect of CMV and age. Indeed, an interaction effect of age and CMV for CD28 
expression was found within non-suppressive Tregs and CD25dim memory CD4+ T 
cells. That is, the observed proportional increase of CD28 upon ageing was solely 
visible within CMV carriers. The reason for this is currently unknown, since other 
well-known phenomena associated with ageing such as a decrease in lymphocytes, 
CD8+ T cells, B cells and an increase in memory CD4+ T cells were confirmed in this 
study (6,54). The increased CD28+ frequencies in elderly donors were especially 
found within CD4+ Tregs suggesting increased suppressive capacity of Tregs in el-
derly. However, even though Treg numbers increase with age, studies did not report 
increased Treg function in elderly donors (55,56). Thus, the implication of the ob-
served increased CD28+ frequencies in activated and resting Tregs of elderly donors 
remains to be elucidated.
          The determination of IC kinetics clearly shows that IC kinetics appeared to be 
different between CD4+ and CD8+ T cells. In line with our observations, an in vitro 
study performed by Sabins et al. showed higher PD-1 expression by CD4+ T cells 
than by CD8+ T cells (57). Although differences are seen in ICs expression by circu-
lating T cells, the capacity of T cells to upregulate IC expression upon stimulation in 
vitro appears to be unaffected by age and sex.
          This study has some limitations. First, we report results of a relatively small 
number of healthy donors. Results in this study should therefore be interpreted 
with caution and be seen as a first step towards more information on age and sex 
effects on IC expression and kinetics. Also, our study was not designed and pow-
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ered to definitely conclude on effects of CMV carriage. Our retrospective analysis, 
however, suggests that the effects of age and sex on CD40L and PD-1 expression 
frequencies are not confounded by CMV carriage. Secondly, while assessing the 
kinetics of IC expression, we did not determine other functional markers such as 
proliferative capacity and cytokine production in our assays, which could have re-
vealed more clues as to how age and sex affect T cell function. Furthermore, CD25 
and CD45RA expression did not allow for more detailed subsetting of CD8+ T cell 
populations, as it is designed for closer inspection of CD4+ T cell subsets. Subsetting 
of CD8+ T cells could be important, since some ageing effects were not found on 
total CD4+ T cells but became apparent only after further subsetting. Lastly, our 
methods did not allow for accurate analysis of per cell IC expression (MFI), which 
could give additional information when analysing the effects of combined positive 
and negative IC expression. 
          Despite these limitations, we provide evidence that both age and sex modu-
late IC expression by human T cells. We hope that our findings will prompt further 
research as more knowledge may aid the optimisation of vaccination and targeted 
immunotherapy and move the field towards precision medicine in the management 
of elderly patient groups.
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Supplementary Table S1: Overview of the Study population

X:  Absolute counts determined for indicated experiment.
O : Absolute counts determined on days when checkpoint expression and kinetics were 
both measured. 
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Supplementary Table S2. Fluorescent-conjugated monoclonal antibodies
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Naive Fractions

Memory Fractions

Supplementary figure S1. Flow cytometric strategy for determining memory and naive 
CD4+ T cell subsets. By staining for CD45RA and CD25 expression, as reported by Miyara 
et al.(2009) (30) and adapted by van der Geest et al.(2014) (33), seven fractions were dis-
tinguished. Memory fractions CD45RA-: Memory CD25- (fraction 5), Memory CD25dim 
(fraction 4), Memory CD25int (fraction 3) and Memory CD25high Treg (fraction 2). Naive 
fractions CD45RA+: Naive CD25- (fraction 6), CD25dim (fraction 7) and Naive CD25int Treg 
(fraction 1).

Supplementary figure S2. Memory / naive ratios within CD4+ T cells in young and elderly 
donors. 
The frequencies of memory and naive cells were determined by flow cytometric staining 
of whole blood. Horizontal bars reflect median percentages. The Mann-Whitney U test was 
used to compare ratios of memory cells and naive cells between young and elderly donors. 
P value is indicated in the graph.
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Supplementary figure S3. Proportions of memory and naive fractions within CD4+ T cells 
in young and elderly donors. The frequencies of memory and naive fractions were deter-
mined by flow cytometric staining of whole blood with CD25 and CD45RA. Horizontal bars 
reflect median percentages. Dashed line divides memory and naive fractions from regula-
tory fractions. The Mann-Whitney U test was used to compare frequencies between young 
and elderly donors. P value is indicated in the graph.

Supplementary figure S4: Effects of CMV serostatus on CD40L and CD28 expression. CMV 
effects on immune checkpoint expression were determined by flow cytometric staining of 
whole blood. Graphs represent percentages of CD40L+ cells within total CD4+ and CD8+ 
T cells and CD28+ cells within fraction 3 (non-suppressive Tregs) and fraction 4 (CD25dim 
memory cells). Open and closed circles represent males and females, respectively. Hori-
zontal bars reflect median percentages. Kruskal- Wallis test was used for testing between 
groups after which the Mann-Whitney U test was used for comparison between young and 
elderly CMV+ and CMV- donors. P values are indicated in the graphs.
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Supplementary figure S5. Percentages of CD28+ cells within fractions of CD4+ T cells in 
young and elderly donors. Ageing effects on CD28 expression were determined by flow 
cytometric staining of whole blood. Open and closed circles respectively represent males 
and females. Horizontal bars reflect median percentages. Dashed line divides memory and 
naive fractions from regulatory fractions. The Mann-Whitney U test was used to compare 
frequencies of CD28+ cells between young and elderly donors. P values are indicated in the 
graphs.

Supplementary figure S6. Percentages of CD40L+ cells within fractions of CD4+ T cells in 
young and elderly donors. Ageing effects on CD40L expression were determined by flow 
cytometric staining of whole blood. Open and closed circles respectively represent males 
and females. Horizontal bars reflect median percentages. Dashed line divides memory and 
naive fractions from regulatory fractions. The Mann-Whitney U test was used to compare 
frequencies of CD40L+ cells between young and elderly donors. P values are indicated in 
the graphs.
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Supplementary figure S7. Percentages of ICOS+ cells within fractions of CD4+ T cells in 
young and elderly donors. Ageing effects on ICOS expression were determined by flow 
cytometric staining of whole blood. Open and closed circles respectively represent males 
and females. Horizontal bars reflect median percentages. Dashed line divides memory and 
naive fractions from regulatory fractions. The Mann-Whitney U test was used to compare 
frequencies of ICOS+ cells between young and elderly donors. P values are indicated in the 
graphs.
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Supplementary figure S8. Percentages of VISTA+ cells within fractions of CD4+ T cells in 
young and elderly donors. Ageing effects on VISTA expression were determined by flow cy-
tometry. Open and closed circles respectively represent males and females. Horizontal bars 
reflect median percentages. Dashed line divides memory and naive fractions from regula-
tory fractions. The Mann-Whitney U test was used to compare frequencies of VISTA+ cells 
between young and elderly donors. P values are indicated in the graphs.

ThesisRHC.indd   59 12/27/19   4:43 PM



ThesisRHC.indd   60 12/27/19   4:43 PM



Rebeca Hid Cadena1, Wayel H. Abdulahad1,2, G.A.P. Hospers3, T. T. Wind3, A.M.H. 
Boots2, Peter Heeringa1, and Elisabeth Brouwer2.

1 Department of Pathology & Medical Biology, University of Groningen, University 
Medical Center Groningen, Groningen, Netherlands.
2 Department of Rheumatology & Clinical Immunology, University of Groningen, 
University Medical Center Groningen, Groningen, Netherlands.
3 Department of Medical Oncology, University of Groningen, University Medical 
Center Groningen, Groningen, the Netherlands.

Published:
Front. Immunol. 2018; 9: 315.

Chapter 3
Checks and balances in autoimmune vasculitis

ThesisRHC.indd   61 12/27/19   4:43 PM



Checks and Balances in Autoimmune Vasculitis

62

Abstract

Age-associated changes in the immune system including alterations in surface pro-
tein expression, are thought to contribute to an increased susceptibility for autoim-
mune diseases. The balance between the expression of co-inhibitory and co-stim-
ulatory surface protein molecules, also known as immune checkpoint molecules, 
is crucial in fine-tuning the immune response and preventing autoimmunity. The 
activation of specific inhibitory signaling pathways allows cancer cells to evade rec-
ognition and destruction by the host immune system. The use of immune check-
point inhibitors (ICIs) to treat cancer has proven to be effective producing durable 
anti-tumor responses in multiple cancer types. However, one of the disadvantages 
derived from the use of these agents is the appearance of inflammatory manifesta-
tions termed immune-related adverse events (irAEs). These irAEs are often relative-
ly mild, but more severe irAEs have been reported as well including several forms 
of vasculitis. 
          In this article, we argue that age-related changes in expression and func-
tion of immune checkpoint molecules lead to an unstable immune system, which 
is prone to tolerance failure and autoimmune vasculitis development. The topic is 
introduced by a case report from our hospital describing a melanoma patient treat-
ed with ICIs and who subsequently developed biopsy-proven Giant Cell Arteritis. 
Following this case report, we present an in-depth review on the role of immune 
checkpoint pathways in the development and progression of autoimmune vasculitis 
and its relation with an ageing immune system.
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Introduction

Age-associated changes in the immune system are thought to contribute to an in-
creased susceptibility for autoimmune diseases. These changes include shifts in im-
mune cell numbers, distribution and function in conjunction with alterations in cell 
surface protein expression. One important class of surface proteins expressed on 
immune cells is immune checkpoint molecules, which regulate T cell activation by 
relaying positive (co-stimulatory) and negative (co-inhibitory) signals. The balance 
between the expression of co-inhibitory and co-stimulatory molecules is crucial in 
fine-tuning the immune response and preventing autoimmunity.

          By exploiting the activation of specific inhibitory signaling pathways, cancer 
cells are able to evade recognition and destruction by the host immune system. Cur-
rently, several co-inhibitory molecules are targeted by antibody-based antagonist 
biologicals in cancer immunotherapy. The rationale for this approach is that block-
ade of inhibitory checkpoints causes an unrestrained immune response allowing 
the host’s tumor specific T cells to attack the tumor cells. This immune checkpoint 
blockade strategy has proven to be very effective, producing long-lasting anti-tumor 
responses in multiple cancer types (1–3).

          Nevertheless, immune checkpoint therapy has its disadvantages. Blocking 
the inhibitory signaling pathways may unleash reactivity to healthy tissues, which 
consequently may result in inflammatory manifestations in patients receiving these 
agents, termed immune-related adverse events (irAEs) (3–6). These irAEs are often 
relatively mild, but more severe irAEs have been reported as well including several 
forms of vasculitis such as granulomatosis with polyangiitis (7), lymphocytic vasculi-
tis (8) and polymyalgia rheumatica/giant cell arteritis (9–11) (Table 1).

          However, little is known about the role of immune checkpoints in vasculitis. In 
this article, we discuss the evidence that age-associated changes in expression and 
function of immune checkpoint molecules leads to an imbalance of the immune 
system. An immune system out of balance is prone to tolerance failure and the 
development of autoimmune vasculitis. The topic is introduced by a case report 
from our hospital describing a melanoma patient treated with immune checkpoint 
inhibitors (ICIs) and who subsequently developed biopsy-proven Giant Cell Arteritis. 
This case study sets the stage for a more in-depth review on the role of immune 
checkpoint pathways in the development and progression of autoimmune vasculitis 
and its relation with the ageing immune system.
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Case Vignette

A 70 -year-old man with a previous history of hepatitis A and who had had a myo-
cardial infarction in 2001 developed a melanoma of the skin of the left temple in 
2015. He was diagnosed with stage IIIB BRAF mutated melanoma and was treated 
with modified radical dissections including a parotidectomy, a neck dissection and a 
free skin transplantation on June 8th 2015.

          In August 2015, he started with adjuvant treatment in a double-blind study 
CA209-238 (Efficacy Study of Nivolumab Compared to Ipilimumab in Prevention of 
Recurrence of Melanoma After Complete Resection of Stage IIIb/c or Stage IV Mela-
noma (CheckMate 238); ClinicalTrials.gov number, NCT02388906) until April 2016. 
In April 2016, he was referred to the rheumatology and clinical immunology depart-
ment with the following complaints: fatigue, low grade fever with a temperature 
reaching 38.5 degrees Celsius, night sweats and weight loss of 4 kg in 2 weeks. He 
had also experienced continuous pain for 4 weeks in his jaws and mastoid muscles. 
The right temple and masseter muscle were painful upon palpation, and his pain 
increased upon chewing. He had no hair pain or visual problems. He developed also 
new onset pain and stiffness in his upper legs, neck and shoulders. He had no pain or 
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stiffness in his smaller joints, excluding a diagnosis fitting with arthritis.
          On physical examination he was fatigued, his blood pressure was 140/70 (upon 
measurement in both arms), his height was 1.78 m and his weight 62 kg. His right 
temporal artery was painful and his left temporal artery was not palpable (status 
after radical surgery). His shoulders and upper legs were painful upon movement. 
He had no infectious, gastrointestinal or skin symptoms. His blood tests showed an 
elevated ESR of 93 mm/ hour and CRP of 52 mg/L and a hemoglobin level of 7.8 
mmol/ L (in October 2015, before immune checkpoint treatment, these values were 
ESR of 37 mm/ hour, CRP of 1.6 mg/L and a hemoglobin level of 8.1 mmol/ L). 

          An ultrasound of the temporal and axillary arteries, a PET/CT scan and a tempo-
ral artery biopsy were performed. No halo fitting with GCA or was observed upon US 
of his temporal and axillary arteries and muscles. The PET/CT did not show signs of 
large vessel vasculitis, myositis, infections or metastasis, but did show some uptake 
surrounding both hips that would fit with a diagnosis of PMR. An additional MRI 
was performed which did not show cerebral or lepto-meningeal metastasis, and 
the masseter and temporal muscle and temporal and facial artery on the right side 
appeared to be normal. The ophthalmologist and the neurologist found no signs 
and symptoms that would fit the diagnosis of GCA and also ruled out trigeminus 
neuralgia.

          The complaints of the patient were progressive, and his ESR and CRP remained 
high, while his right temporal artery increased in size and remained painful upon 
palpation. On May 23th 2016, the patient underwent a temporal artery biopsy from 
his right temporal artery, which revealed a trans-mural inflammation of the adven-
titial, medial and intimal layers of the temporal artery with a fragmented internal 
and external lamina elastic, diagnostic for GCA (Figure 1). On May 24th, the patient 
started with high dose prednisolone (60 mg/day), which was tapered to 30 mg/day 
on May 25th (due to severe side effects) and gradually tapered to 2.5 mg/day on 
November 3rd, 2016. Disease activity of GCA was monitored according to the BSR 
definition that a disease relapse should be suspected in patients with a return of 
symptoms of GCA, ischemic complications, or unexplained constitutional or polymy-
algic symptoms. (Relapse is usually associated with a rise in erythrocyte sedimen-
tation rate/C-reactive protein, but may occur with normal inflammatory markers.)
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          Unfortunately, in October 2016 he had developed metastasized melanoma 
(lymph nodes and lung) and his previous adjuvant treatment was de-blinded (not 
allowed to mention in this article nivolumab or ipilimumab as the study is not yet 
de-blinded). On November 3rd, he started with a different checkpoint inhibitor. He 
had some persistent smoldering low grade GCA complaints which increased on this 
treatment. The complaints consisted of a headache on his left side, pain and stiff-
ness in his neck and upper legs and he had a painful temporal artery on his left side. 
The ESR of 37 mm/hour and CRP of 7 mg/dl were slightly increased suggesting a 
GCA relapse. The prednisolone dose was increased to 10 mg/day. Infusions with 
checkpoint inhibition were continued, and he was advised to take an increased pred-
nisolone dose of 20 mg at day 2 and 3 after these infusions. 

In May 2017, he still had signs and symptoms that fit with active GCA, especially 
jaw complaints upon chewing but no headache. The ESR was 4 mm/hour and CRP 
was <0.3 mg/dl. He was advised to taper the prednisone to 7.5 mg/day in order to 
control the GCA without giving too much immunosuppression. A schematic repre-
sentation of GCA development induced by immune checkpoint blockade is given in 
Figure 2.

Figure 1. Temporal artery biopsy of the case report patient showing trans-mural inflamma-
tion of the adventitial, medial and intimal layers with a fragmented internal and external 
lamina elastic (white arrows) (Verhoeff-Van Gieson staining).
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Figure 2. Timeline of events leading to the development of Giant Cell Arteritis induced by 
checkpoint immunotherapy. ICI: Immune Checkpoint Inhibitor. ESR: erythrocyte sedimen-
tation rate. CRP: C-reactive protein. GC: glucocorticoids. GCA: Giant Cell Arteritis. Surgery 
included a modified radical dissections including a parotidectomy, a neck dissection and a 
free skin transplantation on June 8th 2015 for stage IIIb melanoma which was followed by 
inclusion in the CA209-238 study (Efficacy Study of Nivolumab Compared to Ipilimumab in 
Prevention of Recurrence of Melanoma After Complete Resection of Stage IIIb/c or Stage IV 
Melanoma (CheckMate 238); ClinicalTrials.gov number, NCT02388906).

The case described above is a prime example of an adverse consequence upon im-
mune checkpoint therapy illustrating that removing the natural brakes of the im-
mune system may lead to a breach of tolerance and development of autoimmunity, 
such as large vessel vasculitis in this example (Figure 3). In this case, the patient was 
treated with in total two immune checkpoint inhibitors. Immune checkpoint inhib-
itors are FDA approved drugs in the treatment of advanced melanoma. Ipilimumab 
was the first checkpoint inhibitor approved by the FDA in 2011 for the treatment 
of advanced melanoma (12), and it showed improved efficacy and survival bene-
fits compared to other chemotherapeutic agents (13). PD-1 inhibition with pem-
brolizumab and nivolumab also has proven to be effective in advanced melanoma 
(14–17) and was approved by the FDA in 2014.
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Figure 3. Schematic model of the pathogenesis of giant cell arteritis, facilitated by the state of 
chronic inflammation in aged individuals and additionally, by an over-activated immune sys-
tem triggered by Immune Checkpoint Inhibitor (ICI) treatment. The inflammatory response 
in the arterial wall is initiated when resident dendritic cells (DCs) sense danger signals via 
pattern recognition receptors (PPR) such as toll-like receptors (TLR). Activated DCs produce 
chemokines (CCL18, CCL19, CCL20, CCL21) which recruit CD4+ T cells, once recruited in the 
arterial wall, CD4+ T cells are activated by DCs presenting still undefined antigen(s). The 
presence of pro-inflammatory cytokines (IL-6, IL-1β, IL-23, IL-18, IL-12) in the microenviron-
ment polarizes CD4+ T cells toward Th1 & Th17 cells which produce large amounts of IFN-γ 
and IL-17. Eventually, monocytes enter the vascular wall and differentiate into macrophages 
promoting vascular inflammation by secreting cytokines and vascular damage via secretion 
of matrix metalloproteinases (MMPs). Macrophages, giant cells or injured VSMC also pro-
duce growth factors such as platelet-derived growth factor (PDGF) and vascular endothelial 
growth factor (VEGF). This results in vascular remodeling: intimal hyperplasia and vessel 
occlusion. The whole process is facilitated by a state of chronic inflammation as observed in 
aged individuals and additionally, by an over-activated immune system triggered by immune 
checkpoint therapy treatment in this case.

Besides anti-PD-1 agents, the FDA has also recently approved anti-programmed 
death-ligand 1 (PD-L1) agents for the treatment of patients with several types of 
cancer (18,19). In the coming years, the approval of new immune checkpoint inhib-
itors (ICIs) or a combination of checkpoint-targeting agents that are currently un-
der investigation in oncology clinical trials is expected. Approval of these drugs will 
translate into an increased use of immunotherapies, prompting the investigation of 

ThesisRHC.indd   68 12/27/19   4:43 PM



Checks and Balances in Autoimmune Vasculitis

69

the underlying mechanisms of immune checkpoint regulation to avoid unwanted 
adverse events such as the one presented in the case above.

          Although there is increased awareness of the more common irAEs upon im-
mune checkpoint therapies, rare but severe and potentially life-threatening autoim-
mune manifestations, like vasculitis, should be taken into account when evaluating 
the benefit of tumor destruction and the associated risks of immunotoxicity. Some 
of the toxicities related to immune checkpoint therapy reported in multiple stud-
ies are summarized in Table 2 (16,20,21). The reported rate for the more common 
irAEs which involve the skin, gastrointestinal and endocrine systems are compara-
ble when using only one ICI, but the reported rate for these irAEs significantly in-
creases when a combination of therapies is used. For those types of disorders which 
are not as common, the reporting rate is very low, even when combination therapy 
is used. The frequency of autoimmune complications may be underestimated due 
to the fact that follow-up in clinical trials is usually short, and the development of 
autoimmune toxicities can have a delayed onset (22). 

          To better understand the mechanisms of action of ICIs, and the adverse con-
sequences derived from their use, it is essential to consider the various immune 
functions that these checkpoints control; this issue is addressed in the following 
sections. 
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1: Ipilimumab (N=256), anti-PD-1 agent used: Pembrolizumab (N=278). 2: Ipilimumab 
(N=46); combination therapy used: Nivolumab plus Ipilimumab (N=94). 3: Ipilimumab 
(N=311); anti-PD-1 agent used: Nivolumab (N=313); combination therapy used: Nivolumab 
plus Ipilimumab (N=313).*Values are the percentage of treated patients who experienced 
adverse events of any grade (based on the common terminology criteria for adverse events 
grading system). NR, not reported.
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Co-inhibitory checkpoint pathways

The two inhibitory checkpoint pathways that have been most widely studied in on-
cology are the CTLA-4 and PD-1 pathways. Immune responses are negatively regu-
lated by these pathways at different levels and by different mechanisms:

          CTLA-4 pathway

The ability of the immune system to protect from harm and prevent unnecessary 
tissue injury is maintained by a delicate balance between co-stimulatory and co-in-
hibitory molecules. One example of this delicate balance is the interaction between 
the co-inhibitory molecule CTLA-4 and its counterpart, the co-stimulatory molecule 
CD28. Both CD28 and CTLA-4 are expressed on T cells and control the early stages of 
T cell activation (23–25). Once antigen recognition occurs through engagement of 
the T-cell receptor (TCR) with the cognate antigen- MHC complex, presented by an-
tigen presenting cells, CD28 binds to CD80 and CD86; this binding strongly amplifies 
TCR signaling to activate T cells (25–28). Within 48 hours of activation, expression of 
CTLA-4 is upregulated on activated T cells (29). As CD28 and CTLA-4 share identical 
ligands, the latter dampens T-cell activation by outcompeting the former in binding 
to CD80 and CD86 (24,30–32). CTLA-4 can further decrease activation by sending 
a signal to antigen presenting cells (APCs) to reduce CD80/86 expression (33) and 
secrete indoleamine 2,3-dioxygenase (IDO), an enzyme that catalyzes tryptophan 
degradation (34), disabling T lymphocytes to proliferate due to tryptophan shortage 
(35). Activated CD8+ T cells also express CTLA-4, which suppresses helper T cell ac-
tivity and enhances the immunosuppressive activity of regulatory T (Treg) cells (36). 
Treg cells constitutively express CTLA-4, which, on the one hand leads to Treg cell 
proliferation and enhanced production of IL-35, IL-10, TGF-β, and IDO. On the other 
hand, on effector T (Teff) cells, CTLA-4 engagement causes a decreased activation 
and proliferation (6,37). 
          
          Collectively, as CTLA-4 regulation takes place early in the process of T cell 
activation and augments Treg function, it is likely that its blockade leads to an un-
restrained nonspecific activation of the immune response. This broad activation 
may explain the wide variety of adverse events seen when this pathway is blocked 
(25,38).

          PD-1 pathway
Although CTLA-4 and PD-1 are both negative checkpoints, PD-1 exerts its function 
at different levels and via different mechanisms. Upon engagement to either pro-
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grammed death-ligand 1 (PD-L1; also known as CD274 and B7-H1) or programmed 
death-ligand 2 (PD-L2; also known as CD273 and B7-DC), tyrosine phosphorylation 
of the PD-1 cytoplasmic domain occurs and tyrosine phosphatase SHP-2 is recruit-
ed, resulting in disruption of the TCR signaling cascade (39–42). These effects ulti-
mately block T-cell proliferation, diminish cytokine production and cytolytic func-
tion, and impair T-cell survival (3,43,44). The cellular expression of PD-1 is broader 
than that of CTLA-4; for example, B cells and natural killer cells also express and 
upregulate PD-1 upon activation (25,45) thereby temporarily dampening their ef-
fector functions (40). Another important subset of T cells that highly expresses PD-1 
is Treg cells, and it has been demonstrated that PD-1 ligation on these cells en-
hances their immunosuppressive activity (44,46). Both the PD-L1 and PD-L2 ligands 
are expressed on APCs as well as other hematopoietic and non-hematopoietic cell 
types (47).

          In preclinical models, PD-1/PD-L1 pathway inhibition also generates antitumor 
activity and enhances autoimmunity (48). However, the autoimmune phenotypes 
of mice with PD-1 or CTLA-4 deficiencies are different. CTLA-4 deficiency results in 
a more severe, nonspecific autoimmune phenotype as it affects both cell-intrinsic 
activities (on Teff cells) and cell-extrinsic activities (on Treg cells) (49). By contrast, 
PD-1 deficiency results in a mild and chronic autoimmune phenotype since it is 
mainly manifested as cell-intrinsic alterations of Teff cells (3,49). Since PD-1 activa-
tion suppresses the immune response during the effector-phase of T cell activation 
as well as upon repeated antigen exposure, PD-1 blockade probably targets a more 
restricted assortment of T cells than CTLA-4 blockade (3).

Lessons learned from oncology 

The cancer-immunity cycle described by Chen and Mellman in 2013 has become a 
useful framework for immunotherapy research. Briefly, the authors refer to 7 steps 
which need to be initiated and allowed to proceed and expand iteratively for an an-
ticancer immune response to effectively kill cancer cells. These steps involve: step 
1: the release of cancer antigens, step 2: presentation of those antigens through 
APCs and DCs, step 3: T cell priming and activation within the lymph node, step 4: 
T cell trafficking to tumors, step 5: T cell infiltration into the tumor, step 6: recogni-
tion of cancer cells by T cells and finally, step 7: cancer cell killing which restarts the 
cycle (50). In each step described above, as in all of the immune system processes, 
checks and balances are required to perform optimally, which in cancer patients are 
ablated due to cancer’s many strategies to evade recognition by the host immune 
system. Obstacles encountered in one or several steps of the cancer-immunity cy-
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cle are the target of immunotherapy, therefore combination of approaches with 
therapies stimulating various and different steps of the cycle may result in higher 
response rates (51) and consequently more irAEs.

Effect of immunotherapies on checkpoint molecule expression and function.

          In cancer patients, anti-CTLA-4 treatment lowers the threshold required for 
T cell activation, which leads to an expansion of circulating low-avidity T cells (52) 
resulting in a sustained immune response. In addition, it has been shown that an-
ti-CTLA-4 therapy promotes antitumor activity by a selective reduction of intratu-
moral Treg via Fc-γR-mediated depletion (53) impairing Treg cell survival and func-
tion along with concomitant activation of Teff cells (54,55). In addition, Th17 cells, 
which are implicated in many autoimmune and chronic inflammatory disorders (56) 
as well as in tumor-eradication (57) processes, are also affected by CTLA-4 blocking. 
In cancer patients, it has been demonstrated that upon anti-CTLA-4 treatment, the 
number of circulating Th17 cells in patients increases, especially in those patients 
that developed clinically-relevant inflammatory and autoimmune toxicities (58). 
          
          Recently, Wei et al. confirmed that distinct cellular mechanisms underlie 
anti-CTLA-4 and anti-PD-1 checkpoint blockade. The authors concluded that both 
checkpoint blockade therapies targeted only specific tumor-infiltrating exhaust-
ed-like CD8 T cells and that the effect of these agents primarily differed in the ex-
pansion of Inducible Costimulator (ICOS)+ Th1-like CD4 effector cells induced by 
the anti-CTLA-4 agent (59). Furthermore, additional studies in cancer patients show 
that after targeting CTLA-4 with ipilimumab, responding patients have increased 
ICOS+ T cells (60,61). Several research groups have reported that there appears 
to be a compensatory upregulation of alternative checkpoints following immune 
checkpoint blockade (62–64).Very recently, a study by Gao et al. demonstrated that 
the inhibitory immune checkpoint molecules PD-L1 and V-domain Ig suppressor 
of T cell activation (VISTA) are both upregulated in CD4+, CD8+ T cells and CD68+ 
macrophages of prostate cancer patients in response to ipilimumab therapy (64). 
The upregulation of alternative checkpoints as a compensatory mechanism might 
explain the lack of response or partial tumor regression observed in pre-clinical 
models(62,63) and in cancer patients when treated with anti-CTLA-4 or anti-PD-1 
monotherapy (16,64,65). 
          
          Such compensatory mechanism by which the immune system strives towards 
balance, is supported by increasing evidence indicating that basic signaling mech-
anisms of several immune checkpoint pathways are intertwined with each other 
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forming a complex network that regulates the immune response. Kamphorst et 
al. found that CD28 signaling is essential for T cells to effectively respond to PD-1 
blockade during chronic viral infection (66). Through conditional gene deletion they 
showed a cell-intrinsic requirement of CD28 for CD8 T cell proliferation after PD-1 
therapy (66). Moreover, Hui et al. reported that CD28 is strongly preferred over the 
TCR as a target for dephosphorylation by PD-1-recruited SHP-2 phosphatase, reveal-
ing that signaling through PD-1 occurs mainly by inactivating CD28 signaling (67). 
These data suggest that there is a broader interaction between PD-1 and CD28 than 
previously assumed and such interaction might serve as a general mechanism for 
enhancing normal T cell responses and re-vitalizing exhausted T cells (68).

          The unprecedented clinical success of cancer immunotherapy and the subse-
quent development of irAEs seen with these therapies has enabled researchers to 
study the underlying mechanisms of the early stages of autoimmunity. The expres-
sion of inhibitory receptors has been reported to be altered in many autoimmune 
diseases (69,70) which suggests that signaling by inhibitory receptors is involved in 
the etiology of autoimmune diseases (69,71). However, whether defective expres-
sion and/or function of immune checkpoints is a cause or consequence of autoim-
munity and the ensuing autoimmune diseases is largely unknown. One factor that 
may be involved is age since ageing is known to alter many aspects of the immune 
system and increases the susceptibility for the development of autoimmune dis-
eases.

Impact of ageing and immunosenescence on checkpoint molecule expression

As a result of aging-related changes in the immune system, the human body be-
comes more susceptible for developing cancer, autoimmune diseases, infections 
and cardiovascular diseases (72–75). Aging impacts both the innate and adaptive 
constituents of the immune system, which leads to a dysregulated immune and 
inflammatory response contributing to the increased incidence of chronic immune 
mediated diseases in elderly individuals (76).

          The immune system of aged people shows an accumulation in the frequen-
cy of highly differentiated T cells of which, due to a greater homeostatic stability, 
CD4+ T cells are being less affected by the age-associated phenotypic and functional 
changes than CD8+ T cells (77,78). These changes include loss of the cell surface 
costimulatory molecules CD27 and CD28, CD8+ T cells losing CD28 first followed by 
CD27 and vice versa for CD4+ T cells (79). Loss of the costimulatory molecule CD28 
is a hallmark of the age-related decline of T cell function which has been associated 
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with a less efficient capability to mediate immune responses in old individuals (80).

          In addition to the loss of costimulatory molecules, there is an increase in the 
expression of inhibitory receptors, which adds to T-cell dysfunction during aging 
(81). The expression of the inhibitory checkpoint molecule, CTLA-4 increases with 
age (82), whereas the expression of PD-1 is considered to be dependent on viral 
status rather than age and may also serve as a useful marker on viral specific CD8+ 
T cells to indicate the degree of T-cell exhaustion (42). In chronic viral infections 
and tumor microenvironments, PD-1-expressing exhausted cells lose their ability to 
produce IFN-γ and TNF-α and therefore become dysfunctional (83–85). 

          The age-related changes and deterioration of the immune system have been 
linked to immunosenescence (86), a term referring to the continuous remodeling of 
lymphoid organs, which leads to reduced immune function in elderly people (87). 
One of the major factors that fuels immunosenescence appears to be the lifelong 
chronic antigen load (88,89) including leakage of microbial products from the gut to 
the circulation, resulting in continuous stimulation of both innate and adaptive im-
munity. Altogether, these changes lead to a chronic pro-inflammatory state favoring 
the development of age-associated (auto) inflammatory diseases (90).

Role of immune checkpoints in the development of immune mediated vasculitis

Vasculitides are a heterogeneous group of inflammatory disorders characterized by 
inflammation of the blood vessel wall. The clinical manifestations are determined 
by the localization, the type of vessel involved and the nature of the inflammato-
ry process (91). The Chapel Hill nomenclature classifies noninfectious vasculitides 
mainly according to the type of vessel affected: large vessel vasculitis (LVV), medium 
vessel vasculitis (MVV) and small vessel vasculitis (SVV). LVV affects the aorta and its 
main branches, the primary vasculitides in this group are GCA and Takayasu arteritis 
(TA). MVV affects the main visceral arteries and its branches; examples of diseases 
in this group are polyarteritis nodosa (PAN) and Kawasaki disease (KD). Finally, SVV 
is further subdivided into anti-neutrophil cytoplasmic antibody (ANCA)-associated 
vasculitis (AAV) and immune complex SVV. The major clinicopathologic variants of 
AAV are granulomatosis with polyangiitis (GPA), microscopic polyangiitis (MPA) and 
eosinophilic granulomatosis with polyangiitis (EGPA) (92).

          AAV are predominantly diseases of the elderly. The incidence of AAV increases 
with age, peaking in those aged 65 to 74 years (93–95). A hallmark of the AAV is the 
presence of autoantibodies directed at neutrophil cytoplasmic constituents (ANCA) 
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(96,97). The target antigens of ANCA in the AAV are proteinase 3 (PR3) and myelop-
eroxidase (MPO) where GPA is primarily associated with PR3-ANCA, and MPA and 
EGPA with MPO-ANCA. The immunopathological model of AAV in the acute effector 
phase is centered around ANCA and pro-inflammatory stimuli, most likely of infec-
tious origin, that synergize in initiating a destructive inflammatory process (96,97). 
A central event in this process is ANCA mediated neutrophil activation resulting in 
the generation of reactive oxygen species, degranulation and cytokine production, 
a process that is greatly facilitated by minor (pro-) inflammatory stimuli that prime 
the neutrophil to interact with ANCA. Upon disease progression, acute vasculitis 
lesion transform into lesions that predominantly contain macrophages and T cells. 

          Although data on checkpoint expression in AAV patients is scarce, Wilde et 
al. reported increased expression of PD-1 on circulating T helper cells of GPA pa-
tients, whereas T cells in renal lesions mostly lacked PD-1 (98). The authors found 
that PD-1 expression was positively correlated with expansion of memory T cells, 
CD28null T cells, as well as with T cell activation. In addition, PD-1 expression was 
found to be enhanced on pro-inflammatory IFN-γ T cells in GPA patients. These 
observations suggested that increased PD-1 expression on T cells might counterbal-
ance persistent T cell activation (98).

          Furthermore, Slot et al. analyzed single nucleotide polymorphisms in the genes 
encoding PD-1 and CTLA-4 describing SNP frequencies in GPA patients that could 
explain hyper reactivity of T cells in these patients (99). Interestingly, in 2016, our 
group reported for the first time the development of GPA after sequential immune 
checkpoint inhibition with anti-CTLA-4 and anti-PD-1 treatment, as well as the first 
report of vasculitis observed after anti-PD-1 treatment (7). In that case report, we 
hypothesized that anti-CTLA-4 treatment induced PR3-ANCA production which cre-
ated the conditions necessary for the development of GPA, a process that was rap-
idly amplified by anti-PD-1 treatment (7).

          GCA, the most common vasculitis after 50 years of age (100,101), is thought 
to be caused by both changes in the ageing vessel wall and in the immune system. 
The immunopathological model of GCA can be divided into four phases: In phase 
1, there is a loss of tolerance (cause unknown) and activation of resident dendritic 
cells of the adventitia, which results in the recruitment, activation and polarization 
of CD4+ T cells (phase 2). Once recruited and activated in the arterial wall, the pres-
ence of pro-inflammatory cytokines (e.g., IL-12, IL-18, IL-23, IL-6 and IL-1β) in the 
microenvironment polarizes CD4+ T cells toward Th1 and Th17 cells. Th1 and Th17 
are responsible for the production of large amounts of IFN-γ and IL-17, respectively 
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which ultimately leads to the recruitment of CD8+ T cells and monocytes (phase 3). 
Vascular remodeling (phase 4) starts when the IFN-γ-stimulated monocytes differ-
entiate into macrophages and vascular smooth muscle cells differentiate into my-
ofibroblasts producing IL-6, IL-1β, TNF-α and VEGF (101). This amplifies the local 
inflammatory response causing the release of toxic mediators for the arterial tissue 
such as reactive oxygen species (ROS) and matrix metalloproteinase (MMP), which 
eventually results in remodeling processes leading to intima proliferation and vas-
cular occlusion (101,102).

          Accumulating evidence, including the case herein reported, points to an import-
ant role of immune checkpoints in the development of GCA. This is also emphasized 
by the demonstrated efficacy of abatacept; a new treatment for GCA (101,103). This 
agent is a soluble fusion protein consisting of the ligand-binding domain of CTLA-4 
and the Fc region derived from IgG1. CTLA4-Ig binds to the APC B7 (CD80/86) mol-
ecule, thereby blocking B7 interaction with the CD28/CTLA-4 receptor on the T cell 
(104). By contrast, Ipilimumab antagonizes the action of CTLA-4, thus enhancing 
immune reactivity by releasing this immunosuppressive checkpoint. 

          The involvement of immune checkpoints in the development of autoimmune 
side events is further supported by evidence from oncology, which shows that both 
CTLA-4 and PD-1 blockade result in enhanced Th17 cell responses and impaired 
Treg survival and function (53,54,58,105). Additionally, PD-1 blockade results in en-
hanced Th1 cell responses, and increased production of cytokines such as IL-6 and 
IL-17 (105). This T cell functional flexibility and plasticity might be one of the mech-
anisms involved in the induction of autoimmune side effects (6). 
   
          In addition to CTLA-4 involvement in GCA, a recent study indicates that the im-
munoprotective PD-1/PD-L1 signaling pathway is affected as well. The study showed 
that tissue-residing dendritic cells (DC) of GCA patients were low in PD-L1, whereas 
the majority of vasculitic T cells at the site of inflammation expressed PD-1 (106). 
Moreover, the in vivo vasculitogenic potential of PD-1 blockade was demonstrat-
ed using a humanized mouse model system of vasculitis; the Human Artery-Severe 
Combined Immunodeficiency (SCID) Mouse Chimera model. Briefly, human axillary 
arteries were engrafted into NSG mice, and PBMCs from GCA patients or healthy 
individuals were adoptively transferred into the chimeras; chimeras were randomly 
assigned to treatment with PD-1 antibody or isotype control antibody. In this mod-
el, the authors confirmed that inhibiting PD-1/PD-L1 interaction enhanced tissue 
inflammation as GCA PBMCs but not healthy PBMCs were able to induce vasculitis. 
More specifically, PD-1 blockade enabled very few healthy T cells to enter the vas-
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cular wall, while PBMCs from GCA patients induced vessel wall inflammation. These 
observations suggested that T cells from GCA patients are especially vulnerable to 
PD-1 blockade (106,107).
 
          Zhang et al. demonstrated that in GCA a breakdown in PD-1/PD-L1 checkpoint  
resulted in unleashed vasculitic immunity, and that such breakdown was responsi-
ble for the pathogenic remodeling of the inflamed arterial wall (106). The authors 
reported that PD-1 blockade gave rise to T cells producing IFN-γ, IL-17 and IL-21, 
which sustained multifunctional effector functions associated with the rapid out-
growth of hyperplastic intima and the induction of microvascular neoangiogenesis 
(106). Worthy of note, T cells producing IFN-γ, IL-17 and IL-21 play an important role 
in GCA, and contribute to the pathogenesis of the disease (108,109). Furthermore, 
PD-1 blockade biased T cells toward increased T-bet and RORC expression and di-
minished FoxP3 expression (106).

Concluding Remarks

During the past decade, the introduction of ICIs has revolutionized cancer thera-
py and has proven to be a very effective strategy in inducing durable anti-tumor 
responses in multiple cancer types. Increasing evidence supports the idea that im-
mune checkpoints cannot be regarded as separate pathways but as a complex net-
work functioning in concert to maintain the delicate balance in the immune system. 
However, despite the clear therapeutic benefit, it is undeniable that the induction 
of irAEs is a serious disadvantage. It has become clear that data on safety of im-
mune checkpoint therapies needs further study in elderly individuals (87). It might 
be that the patient’s age is a relevant risk factor for irAEs (110) as the immune sys-
tem of an elderly person is likely to demonstrate age-associated changes in check-
point expression and function, which may be altered due to the chronic, low grade 
inflammation. These changes imply that elderly patients will respond differently to 
ICI therapy than do younger patients evaluated in clinical trials.

          Collectively, age-related changes and alterations in signaling pathways are 
complex and interconnected. These changes are likely to influence DC, Teff and Treg 
pathways, increasing the likelihood of T cell suppression in the elderly (81). Indeed 
more research is needed to understand the link between age-related cellular and 
molecular changes and their potential influence on DC and T cell pathways leading 
to the development of autoimmunity. Nonetheless, lessons learned from the on-
cology field are valuable, enabling researchers to realize that the immune system 
is capable of reconfiguring the immune checkpoint complex network after modu-
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lation using ICIs. The altered expression of inhibitory receptors as seen in vasculitis 
patients, such as the abnormalities in the PD-1/PD-L1 pathway (107), hints at the 
involvement of immune checkpoints in disease development. Perhaps the use of 
agonistic inhibitory checkpoint molecules to halt self-damaging responses could re-
store the checks and balances which are reported to be deficient in vasculitis.
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activation (VISTA)-expressing leukocytes in peripheral 
blood of Granulomatosis with Polyangiitis (GPA) patients 
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Abstract

Objectives: V-domain Ig suppressor of T cell activation (VISTA) is a recently identi-
fied inhibitory immune checkpoint molecule and a potent negative regulator of T 
cell activation. This study aimed to investigate the frequencies of VISTA+ circulating 
leukocytes in Granulomatosis with Polyangiitis (GPA) patients in comparison with 
those of Giant Cell Arteritis (GCA) as vasculitis control patients and healthy controls 
(HC). 

Methods: In a cross-sectional study, frequencies of VISTA positive circulating leuko-
cytes were determined by flow cytometry using fresh blood samples from 43 GPA 
patients in remission, 15 GCA patients and 34 sex and age-matched HC. Neutrophils 
were isolated and primed with TNF-α to assess their ability to modulate VISTA ex-
pression and to evaluate their capacity to suppress CD4+ T cell proliferation in vitro.

Results: Proportions of VISTA expressing CD4+ Th-cells were significantly increased 
in GPA patients compared with HCs in both the naïve (CD45RO-) as well as the mem-
ory (CD45RO+) compartment. Interestingly, neutrophils of GPA patients also showed 
a significant increase in the proportion of VISTA positive cells in comparison to GCA 
and HCs. This increase was seen in three neutrophils subsets defined by CD62L and 
CD16 expression, of which CD62LLow CD16High neutrophils are known to suppress 
T cell activation. In vitro, TNF-a priming increased VISTA expression by neutrophils 
of GPA patients and controls. Preliminary results from co-cultures of autologous 
CD4+ T cells and neutrophils showed that unprimed neutrophils from GPA patients 
exert a higher suppressive effect on CD4+ T cell proliferation than those of HC. 

Conclusions: GPA patients in remission have increased frequencies of VISTA posi-
tive CD4+ Th-cells and neutrophils and subsets thereof. Interestingly, neutrophils 
derived from GPA patients appear to have an increased capacity to suppress CD4+ 
T cell proliferation in vitro. Whether increased frequencies of VISTA positive leuko-
cytes contribute to sustained remission in GPA needs further investigation.
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Introduction

Granulomatosis with Polyangiitis (GPA) is a systemic small vessel vasculitis asso-
ciated with the presence of antineutrophil cytoplasmic auto-antibodies (ANCA) 
predominantly directed against proteinase 3 (PR3) (1–4). GPA is characterized by 
granulomatous inflammation of the upper and lower respiratory tract and is often 
associated with necrotizing crescentic glomerulonephritis (5). Although the etiolo-
gy of GPA is not known, several observations support the involvement of T-cells in 
disease pathogenesis including the presence of abundant T-cell infiltrates in vas-
culitic lesions, alterations in the distribution of circulating T cell subsets as well as 
defects in regulatory T cell function (reviewed in (6,7)). 
          T cell activation is tightly controlled by a collection of surface molecules, 
termed immune checkpoint regulators, that provide co-stimulatory and co-inhibito-
ry signals (8). The delicate balance between these stimulatory and inhibitory signals 
is crucial for mounting effective immune responses against pathogens while mini-
mizing the risk for developing autoimmunity. In recent years, therapeutic blockade 
of inhibitory IC molecules has proven to be highly effective in the treatment of var-
ious forms of cancer (9–11). However, in some cases these treatments are associ-
ated with severe immune-related adverse events including various forms of (auto)
immune mediated vasculitis emphasizing the importance of inhibitory IC molecules 
in preventing autoimmunity (12). Indeed, alterations in expression of stimulatory 
and inhibitory IC molecules including PD-1 and CTLA-4 have been implicated in the 
pathogenesis of several autoimmune diseases including rheumatoid arthritis (RA), 
systemic lupus erythematosus (SLE) and, multiple sclerosis (MS) (13–16). 
          In GPA, data on the expression and function of inhibitory IC molecules is lim-
ited. In one study, increased PD-1 expression on circulating CD4+ T cells was found 
and associated with persistent T cell activation and latent CMV infection (17). Fur-
thermore, in GPA patients, altered frequencies of single nucleotide polymorphisms 
in the genes encoding PD-1 and CTLA-4 have been described that may explain T cell 
hyperreactivity in these patients by affecting the expression or inhibitory function 
of the negative immune checkpoints PD-1 and CTLA-4 (18). Importantly, we have 
previously reported on a case of GPA development in a patient with metastatic mel-
anoma after sequential immunotherapy with anti-CTLA-4 and anti-PD-1 highlight-
ing the importance of IC in the development of GPA (19). 
          V-domain Ig suppressor of T-cell activation (VISTA) is a recently identified inhib-
itory immune checkpoint molecule expressed by myeloid cells and, to a lesser ex-
tent, T cells that can serve as both ligand and receptor (20). Studies in animals and 
humans have shown that VISTA profoundly suppresses T cell activation and plays 
an important non-redundant role in immune surveillance and protection against 
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autoimmunity (20–23). In addition, it has been shown that blocking VISTA enhanc-
es anti-tumor immune responses but exacerbates experimental autoimmune en-
cephalitis (21,22,24). Interestingly, VISTA-deficient mice develop an age-related 
pro-inflammatory phenotype characterized by spontaneous T-cell activation and 
enhanced T-cell-mediated immune responses to neoantigens (25), suggesting that 
aberrant VISTA expression or function may contribute to pathogenic T cell mediated 
immune responses in age associated autoimmune disorders such as GPA. However, 
data on the pattern of expression and function of VISTA in GPA is lacking. 
          Therefore, as a first step to unravel the potential contribution of VISTA to 
GPA pathogenesis, we assessed frequencies of VISTA+ circulating leukocytes in a 
cohort of GPA patients in remission and compared the results to those obtained 
from healthy controls (HCs) and patients with Giant Cell Arteritis (GCA) as vasculitis 
controls. We demonstrate higher frequencies of VISTA expressing CD4+ Th cells and 
neutrophils in peripheral blood of GPA patients compared to GCA and HCs. Inter-
estingly, we found increased frequencies of VISTA+ cells in all neutrophil subsets, 
including the CD62LLow CD16High subset, characterizing neutrophils with suppres-
sive properties. Preliminary results from a co-culture study showed that isolated 
neutrophils from GPA patients had a higher capacity to suppress CD4+ T cell prolif-
eration in comparison with neutrophils of HCs.
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Methods
Study population

Forty-three consecutive patients with GPA visiting the University Medical Center 
Groningen out-patient clinic were included in the study. All patients met the Amer-
ican College of Rheumatology criteria and the Chapel Hill Consensus Conference 
definition for GPA (5). Disease activity was assessed using the Birmingham Vasculitis 
Activity Scores (BVAS) (26). Remission was defined as BVAS = 0. A relapse of the dis-
ease was defined on the basis of clinical and laboratory signs of inflammation and 
signs of a new or worsening clinical manifestation. According to these criteria, all 43 
patients were in remission. Importantly also none of the patients experienced an 
infection at the time of sampling.

          Fourteen out of 43 GPA patients in remission were not receiving immunosup-
pressive treatment and 29 were treated with different combinations of drugs (Table 
1 & Supplementary Table S1A). Plasma levels of CRP were measured by nephelom-
etry (Behring Marburg, Germany)(27). The median level of C- reactive protein (CRP) 
was 3,7 (0,4-5,4). PR3-ANCA titers were measured by indirect immunofluorescence 
on ethanol-fixed human granulocytes, according to the standard procedure as de-
scribed previously (28). PR3-ANCA titers higher than or equal to 1:40 were consid-
ered positive.

          In addition to GPA patients, 15 GCA patients were included as vasculitis control. 
GCA diagnosis was either confirmed by a positive temporal artery biopsies (TABs) 
and/or positive 18F-fluorodeoxyglucose-positron emission tomography-computed 
tomography (FDG-PET/CT). All GCA patients were in remission and on prednisone 
treatment [Disease duration median: 2 (0,125-5) years Prednisone median:25 mg/
day (range 15-50)]. GCA remission was defined as absence of signs and symptoms 
of GCA and a normal ESR (<30 mm/hr) and CRP (<5 mg/l). As healthy controls (HC), 
we obtained blood samples from 34 sex and age-matched individuals who were 
screened for past or actual morbidities (Table 1 & Supplementary Table S1B).

Written informed consent was obtained from all study participants. All procedures 
were in compliance with the declaration of Helsinki. The study was approved by the 
Medical Ethical Committee of the University Medical Center Groningen.
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ANCA, anti-neutrophil cytoplasmic antibody; CMV, Cytomegalovirus; * 4 CMV positive, 3 
CMV negative, 8 unknown; S. aureus, Staphylococcus aureus; AZA, Azathioprine; CTZ, Cotri-
moxazol; PSE, Prednisolone; MMF, Mycophenolate mofetil; RTX, Rituximab; MTX, Metho-
trexate; TCZ, Tociluzimab; CRP, C-reactive protein; F, female; M, male; GPA, Granulomatosis 
with Polyangiitis.
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Immunophenotyping by flow cytometry

Peripheral blood (PB) was collected in EDTA anticoagulant tubes and processed 
within 2 hours. The blood samples were washed twice with PBS + 1% bovine se-
rum albumin (BSA), and 50uL of each sample was incubated for 15 min at room 
temperature in the dark with the following fluorochrome-conjugated anti-human 
monoclonal antibodies: Panel 1: eFluor 450-conjugated anti-CD3 (clone: OKT3; 
eBioscience; San Diego, CA, USA), eVolve 605-conjugated anti-CD4 (clone: SK3 (SK-
3); eBioscience), Alexa Fluor 700 (AF700)-conjugated anti-CD45RO (clone: UCHL1; 
Biolegend; San Diego, CA, USA), phycoerythrin (PE)-conjugated anti-VISTA (clone: 
#730804; R&D Systems, Minneapolis, MN, USA). (Supplementary Table S2A) Pan-
el 2: FITC-conjugated anti-CD15 (clone:U-937; BD Biosciences, Franklin Lakes, NJ, 
USA), A700-conjugated anti-CD14 (clone: M5E2; BD Biosciences), v450-conjugat-
ed anti-CD16 (clone: 3G8; BD Biosciences), PE-Cy7-conjugated anti-CD62L (clone: 
DREG-56, Biolegend), PE-conjugated anti-VISTA (clone: #730804; R&D Systems) 
(Supplementary Table S2B). After this, cells were fixed and erythrocytes were lysed 
using FACS Lysing solution (BD Biosciences, Franklin Lakes, NJ, USA) according to 
the manufacturer’s instructions. Next, the samples were washed twice with PBS + 
1% BSA. Immediately after, samples were measured on a BD LSR-II flow cytometer. 
Data were collected for 1 X 105 cells and analyzed with Kaluza Analysis Software 
(Beckman Coulter). Positively and negatively stained populations were calculated 
by quadrant dot-plot analysis based on proper matched-isotype controls (Supple-
mentary Figure S2). 

Cytomegalovirus (CMV) ELISA

Serum levels of CMV-specific IgG were determined using an in-house enzyme-linked 
immunosorbent assay (ELISA). Briefly, 96-well ELISA plates (Greiner, Kremsmünster, 
Austria) were coated overnight with lysates of CMV-infected fibroblasts. Lysates of 
non-infected fibroblasts were used as negative controls. Following coating, serial di-
lutions (1:100–1:3200) of serum samples were incubated for 45 minutes. Next, goat 
anti-human IgG-HRP (Southern Biotech, Birmingham, AL, USA) was added and incu-
bated for 45 minutes. Samples were incubated with TBE substrate (Sigma-Aldrich, 
St. Louis, MO, USA) for 15 minutes and sulfuric acid was used to stop the reaction. 
The plates were scanned on a Versamax reader (Molecular Devices, Sunnyvale, CA, 
USA). A pool of sera from three CMV-seropositive individuals with known concen-
trations of CMV-specific IgG was used to quantify levels of CMV-specific IgG in the 
tested samples.
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Detection of S. aureus

Nasal S. aureus carriage was determined for the 43 GPA patients in remission as 
described previously (29). In brief, S. aureus nasal isolates were sampled by rotating 
a sterile cotton swab in each anterior nary. Swabs were inoculated on 5% sheep-
blood and salt mannitol agar for 72 h at 35 °C. S. aureus was identified by coagulase 
and DNase positivity. Patients were considered to be chronic nasal carriers when 
≥50% of their nasal cultures grew S. aureus.

Isolation and Priming of Neutrophils 

Neutrophils were isolated from EDTA blood of GPA patients and HCs by centrifuga-
tion on Lymphoprep (Axis-Shield and Nycomed Pharma, Oslo, Norway). The eryth-
rocytes in the granulocyte layer were lysed with ammonium chloride buffer. Cells 
were washed with cold Hanks’ balanced salt solution (HBSS) without Ca2+/Mg2+ 
(HBSS-/-) and resuspended in HBSS with Ca2+/Mg2+ (HBSS+/+) (both from Invit-
rogen, Breda, The Netherlands), and gradually warmed to 37°C. Then, 2x106 cells/
ml were primed with 10 ng/ml recombinant human TNF-α (rHuTNFα; Boeringher 
Ingelheim, Heidelberg, Germany) for 15 min at 37°C. Part of the neutrophils (2x106 
cells/ml) were incubated without TNF-α stimulation (unprimed neutrophils). Next, 
cells were assessed for surface expression of VISTA by flow cytometry.

Isolation, purification and labeling of CD4 T cells for cell proliferation assay

Peripheral blood was obtained in heparinized tubes and PBMCs were immediate-
ly isolated by density-gradient centrifugation on Lymphoprep (Axis-Shield and Ny-
comed Pharma, Oslo, Norway). Cells were washed twice in phosphate-buffered 
saline (pH 7.2) and resuspended at 1 X 108 cells/mL in RPMI 1640 (Cambrex Bio 
Science, Verviers, Belgium) supplemented with 5% fetal bovine serum and 50ug/
mL gentamycin (Gibco, Scotland, UK). Immediately after, CD4+ T cells were isolat-
ed by negative selection using MagniSort™ Human T cell Enrichment Kit, (Thermo 
Fisher Scientific, Waltham, MA, USA) according to instructions of the manufacturer. 
Labeling was performed by incubating cells at a concentration of 1X106 cells/mL at 
37° C for 10 min with 5umol/mL Cell Proliferation Dye eF670 (CPD; Thermo Fisher 
Scientific, Waltham, MA., USA) in PBS, then resuspended in RPMI 1640 + 10% FCS + 
gentamycin at 1 X 106 cells/mL. 
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Neutrophil and CD4 T cell co-culture assay

Flat-bottomed 96-well plates were coated with purified anti-CD3 (clone OKT3) at 
2.5 μg/mL in PBS at 4°C overnight. Wells were washed twice with RPMI 1640 be-
fore adding cells as described before (30) For T cell and neutrophils co-culture, the 
experimental assay from Yang and colleagues (31) was customized and optimized. 
Briefly, purified CD4+ T cells (at 4 X 106 cells/mL) from a GPA patient and a matched 
HC, labeled with proliferation dye, were added to each well and co-cultured with 
either primed or unprimed autologous neutrophils at a ratio 3:1 in RPMI 1640 with 
10% heat-inactivated fetal bovine serum and gentamycin. Soluble anti-human CD28 
(clone L293, BD Biosciences) at 250 ng/mL was added to the wells. Cells were cul-
tured at 37°C and proliferation of CD4+ T cells was assessed at day 3 using flow 
cytometry. The percentage suppression of proliferation was calculated as described 
previously (44). Briefly, % suppression= [(% proliferation Tresp alone - % prolifer-
ation Tresp in co-culture with unprimed or primed neutrophils)/(% proliferation 
Tresp alone)] X 100%.

Statistics

Data from HCs and patient groups were first analyzed by the Kruskal-Wallis test. The 
Mann–Whitney U test was used for comparison between groups, and the Wilcox-
on matched-pairs test was used to compare paired data. Correlation analysis was 
performed using the Spearman’s rank correlation test. All values are expressed as 
medians, with the lower and upper bounds of the interquartile range (IQR) given 
in brackets. P-values of less than 0.05 (2-tailed) were considered statistically sig-
nificant. Analyses were performed using GraphPad Prism 7.0 software (GraphPad 
Software, La Jolla, California, USA). 
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Results
Increased frequencies of VISTA positive CD45RO- and CD45RO+ CD4+ T cells in 
GPA patients

Absolute numbers of circulating CD4+ T cells were decreased in GPA patients when 
compared with HCs but not when compared with GCA (Supplementary Figure 
S1). We assessed the frequencies of VISTA positive CD4+ T cells in GPA patients 
in comparison to GCA and HC. As shown in Figure 1A frequencies of VISTA+ CD4+ 
T cells were higher in PB from GPA patients compared with HC [6.88(2.93-10.01) 
vs 2.85(1.61-6.09)%, p<0.0038] but not when compared with GCA. Proportions 
of VISTA+ CD4+ T cells in GPA patients were significantly higher in both the naïve 
compartment (CD4+ CD45RO-) [GPA vs HC: 3.63 (1.79-6.43) vs 2.1 (0.94-4.13)%, 
p<0.0274, Fig 1B] and the memory compartment (CD4+ CD45RO+) [GPA vs HC: 8.11 
(4.29-10.78) vs 4.39 (2.48-8.67)%, p<0.0220, Fig 1C] in comparison to those GCA 
and HCs. No effect of current treatment was seen on the frequencies of VISTA+ 
CD4+ T cells (data not shown). In addition, no correlation was found between the 
frequencies of VISTA+ CD4+ T cells and disease duration, number of relapses or 
ANCA titer (Supplementary Table S3). Expression of VISTA on CD8+ T cells was also 
investigated, but, no differences between GPA patients, GCA and HC were detected 
(data not shown).

Figure 1. Increased frequencies of VISTA+ CD4+, CD4+ CD45RO- and CD4+ CD45RO+ T cells 
in GPA patients. (A) Frequencies of VISTA+ cells in total CD4+ T cells. (B) Frequencies of 
VISTA+ cells in CD4+ CD45RO– and (C) CD4+ CD45RO+ cells in HCs (n=34), GPA patients 
(n=43) and GCA patients (n=15). Horizontal lines represent median percentages. *P<0.05, 
**P<0.005, ns= not significant.

ThesisRHC.indd   102 12/27/19   4:43 PM



Altered frequencies of VISTA-expressing leukocytes in GPA in remission

103

Figure 2. CMV serostatus or S. aureus carriage in GPA is not associated with increased 
frequencies of VISTA+ CD4+ T cells. (A) Frequencies of VISTA+ cells in total CD4+ T cells, 
(B) CD45RO- CD4+ T cells, (C) CD45RO+ CD4+ T cells of CMV+ and CMV- GPA patients. (D) 
Frequencies of VISTA+ cells in total CD4+ T cells, (E) CD45RO- CD4+ T cells, (F) CD45RO+ 
CD4+ T cells of S. aureus+ and S. aureus- GPA patients. Horizontal lines represent median 
percentages. ns= not significant.

CMV serostatus or S. aureus carriage in GPA is not associated with increased fre-
quencies of VISTA positive CD4+ T cells.

As latent CMV infection has been reported to impact the expression of immune 
checkpoints such as CD28 and PD-1 expression on T cells of GPA patients (17,32), 
we also investigated the relationship between VISTA expression and CMV serosta-
tus. As shown in Fig 2A, the frequencies of VISTA positive T cells was not signifi-
cantly different between CMV+ and CMV- donors [CD4+ T cells CMV+ vs CMV-: 7.55 
(2.99-10.16) vs 5.75 (3.20-8.17)%, ns, Fig 2A] nor did CMV carriage seem to affect 
VISTA frequencies in the CD45RO- and CD45RO+ compartments of the CD4+ T cells 
(Fig 2B & C). Likewise, we compared frequencies of VISTA+ CD4+ T cells of S. aureus 
carriers and non-carriers. Again, no differences were found in the frequencies of 
VISTA positive T cells between S. aureus carriers and non-carriers when total CD4+ 
T cells were analyzed [CD4+ T cells S. aureus+ vs S. aureus- :5.28 (2.70-10.69) vs 
7.84 (3.64-9.68)%, ns, Fig 2D] or when the CD45RO- and CD45RO+ compartments 
of CD4+ T cells were analyzed separately (Fig2E & F).
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Frequencies of VISTA positive Monocytes in GPA patients are similar to those of 
control samples

Absolute numbers of circulating monocytes of GPA patients did not differ when 
compared with HCs but were slightly lower than in GCA patients, demonstrating a 
monocytosis as previously described by van Sleen et. al (33) (Supplementary Fig-
ure S1). The frequencies of VISTA positive cells were assessed on total monocytes 
and their subsets. Monocytes were gated based on their forward- and side-scatter 
properties and sub-classified according to their surface expression pattern of CD14 
and CD16 into classical (CD14brightCD16neg), intermediate (CD14brightCD16+) 
and non-classical (CD14negCD16+) monocytes (Supplementary Figure S2). The 
frequencies of VISTA+ cells within the total monocyte compartment did not differ 
between GPA patients and HC or GCA (Fig 3A). Likewise, the frequencies of VISTA 
positive classical, intermediate and non-classical monocytes in GPA patients was 
also similar to those of GCA and HCs (Fig 3B). 

Figure 3. Frequencies of VISTA+ monocytes in GPA patients are similar to those in healthy 
controls and vasculitis controls (GCA). (A) Frequencies of VISTA+ monocytes. (B) Frequen-
cies of VISTA on monocytes subsets of HCs (n=34), GPA patients (n=43) and GCA patients 
(n=15). Horizontal lines represent median percentages. *P<0.05, ns= not significant.
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Increased frequencies of VISTA positive Neutrophils in GPA patients

Absolute numbers of circulating neutrophils of GPA patients were increased when 
compared with HCs but not when compared with GCA control patients (Supple-
mentary Figure S1). Based on previously published data (34), neutrophils were gat-
ed from the granulocyte gate as CD16HighCD15+ cells and sub-classified, according 
to their surface expression of CD62L and CD16, into a suppressive subset (CD62L-
LowD16High) and effector subsets (CD62LHighCD16Low & CD62LHighCD16High) as 
shown in Supplementary Figure S2. The frequencies of VISTA positive neutrophils 
were significantly higher in GPA patients compared with HC and GCA [GPA vs HC vs 
GCA: 8.64 (1.35-20.43) vs 1.98 (0.60-6.5) vs 1.91 (0.83-5.19) 106 cells/mL, p=0,0064 
vs HC and p=0.0263 vs GCA] (Fig. 4A & 4B). As VISTA is associated with immune sup-
pression, we next assessed the expression of VISTA on the suppressor and effector 
subsets of neutrophils. Increased frequencies of VISTA+ neutrophils were seen in 
all neutrophil subsets including the suppressor subset of neutrophils (CD62LLowC-
D16High) (Fig. 4A & 4C). 
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Figure 4. Increased frequencies of VISTA+ neutrophils in GPA patients. (A) Representative 
flow cytometry dot plots of frequencies of VISTA+ total neutrophils (upper row) and VISTA+ 
CD62LLowCD16High neutrophils (lower row) from a HC, GPA patient and a GCA patient. (B) 
Percentages of VISTA+ circulating within total neutrophils and within neutrophil subsets (C) 
in HCs (n=34), GPA patients (n=43) and GCA patients (n=15). Horizontal lines represent me-
dian percentages. *P<0.05, **P<0.005, ns= not significant. 
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Enhancement of VISTA expression on neutrophils in vitro upon priming with TNFα
 
As the expression of many IC molecules is increased during inflammatory condi-
tions, we investigated whether the increased frequencies of VISTA positive neutro-
phils in GPA patients is a result of activation by pro-inflammatory stimuli. To this 
end, neutrophils were isolated from GPA patients and matched HCs and VISTA ex-
pression was assessed on resting and pre-activated (primed with TNF-α) neutro-
phils in vitro. Upon priming, neutrophils from both GPA patients and HCs upregulate 
VISTA expression on their surface (Fig.5A). Priming with TNF-α of neutrophils from 
GPA patients induced a significant increase in surface VISTA expression, whereas 
the priming effect on VISTA expression on neutrophils from HCs did not reach sta-
tistical significance (Fig.5B). 

Neutrophils from GPA patients exert a higher suppressive effect on CD4+ T cells 
than those from HC: Preliminary results.

Since frequencies of VISTA+ neutrophils were increased in GPA patients, we ad-
dressed the question whether these neutrophils exerted immunosuppressive 
properties on CD4+ T cell proliferative responses. To this end, anti-CD3/anti-CD28 
induced CD4+ T cell proliferation was determined by flow cytometry in the pres-
ence or absence of either primed or unprimed autologous neutrophils. As shown 

Figure 5. Upregulation of the frequencies of VISTA+ neutrophils of GPA patients upon 
priming with TNF-α in vitro. (A) Representative flow cytometry dot plots of the frequencies 
of VISTA+ unprimed (left plots) and TNF-α primed (right plots) neutrophils from a HC (higher 
plots) and a GPA patient (lower plots). (B) Effect of TNF-α priming on the frequencies of VIS-
TA+ neutrophils in HCs (n=10) and GPA patients (n=10, *= P<0.05). 
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Figure 6. Preliminary results showing that GPA neutrophils exert a suppressive effect on 
CD4+ T cell proliferation in vitro. Isolated CD4+ T cells were loaded with cell proliferation 
dye and stimulated with anti-CD3 and soluble anti-CD28 antibodies for 72 hours at 37°C 
in the presence or absence of either TNF-α primed or unprimed autologous neutrophils. 
Representative histograms of CD4+ T cell proliferation from 2 HC and 2 GPA patients mea-
sured by fluorescence intensity of the proliferation dye at day 3 of culture. The histograms 
correspond to stimulated CD4+ T cells alone (left), or in co-culture with either unprimed 
neutrophils (middle panels) or TNF-α primed neutrophils (right panels). 

in Figure 6, primed neutrophils from both GPA patients (n=2) and HCs (n=2) had a 
comparable suppressive effect on CD4+ T cell proliferation. Interestingly, unprimed 
neutrophils from the GPA patients exerted a higher capacity to suppress the CD4+ T 
cell response compared with unprimed neutrophils from HCs. 
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Discussion

This study aimed to investigate the expression of VISTA on circulating immune cells 
of GPA patients in remission in comparison with GCA and HCs. Our results show 
significantly increased frequencies of VISTA+ CD4+ T cells, but not CD8+ T cells, in 
both the CD45RO- and CD45RO+ CD4+ T cell compartments of GPA patients which 
was independent of latent CMV infection or S. aureus carriage. In addition, frequen-
cies of VISTA+ neutrophils were also increased in GPA patients compared to GCA 
and HCs. Interestingly, this increase was seen in all neutrophil subsets distinguished 
according to their surface expression of CD62L and CD16 and which includes CD62L-
LowD16High neutrophils that previously have been shown to suppress T cell acti-
vation (34). Preliminary results from CD4+ T cell and neutrophil co-cultures showed 
that neutrophils from GPA patients exerted a higher capacity to suppress CD4+ T 
cell proliferative responses in vitro compared with neutrophils from HCs.
 
          Immune checkpoints molecules are regulators of T-cell function necessary for 
effective immune responses against pathogens and prevention of autoimmunity. 
The current study is the first report on the pattern of expression of VISTA on leuko-
cytes in GPA patients. VISTA, also known as PD-1H, is a recently discovered negative 
immune checkpoint expressed by myeloid cells and T cells that has been demon-
strated to act as both ligand and receptor to suppress T cell activation (20,21,25,35). 
Additionally, VISTA expression in phagocytic cells has been shown to be important in 
ensuring proper clearance of apoptotic cells (36). Importantly, VISTA deficient mice 
develop an age-related pro-inflammatory phenotype characterized by spontaneous 
T cell activation with predisposition to the development of autoimmunity (25). The 
critical role of VISTA in regulating auto-inflammatory responses is also highlighted 
by studies demonstrating aggravation of auto-immune phenotypes in several ex-
perimental models of autoimmunity. For example, in 2D2 T-cell receptor transgenic 
mice which have an increased susceptibility to develop autoimmune encephalo-
myelitis, VISTA deficiency increased disease incidence and severity  (25). Further-
more, the lack of VISTA expression exacerbated murine lupus-like disease due to 
enhanced activation of myeloid cells and T cells in conjunction with increased IFN-α 
production (37). Finally, in a model of Imiquimoid (IMQ)-induced psoriasis, VISTA 
deficiency intensified the IL-23/IL-17 inflammatory axis (38).

          Based on the aforementioned studies, our observations of increased frequen-
cies of VISTA expressing T cells and neutrophils of GPA patients in remission may 
seem counterintuitive. However, in line with our results on VISTA, Wilde et al pre-
viously reported an increase in expression of the co-inhibitory checkpoint PD-1 on 
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Th cells from GPA patients in remission (17). Since immune activation is a distinctive 
feature of GPA (39,40), even in patients in remission, the increased frequencies of 
immune cells expressing inhibitory ICs in GPA may reflect a mechanism to counter-
balance persistent T cell activation and thus inflammation. Our preliminary obser-
vation that the interaction between CD4+ T cells and neutrophils of GPA patients 
resulted in higher suppression of CD4+ T cell proliferation appears to support this 
contention. 

          Given that VISTA is mainly expressed on myeloid cells and its deficiency has 
been linked to an age-related pro-inflammatory phenotype, this IC molecule could 
potentially play an important role in the pathogenesis of GPA. GPA is considered 
an age related disease and neutrophils are implicated as a key effector cells in its 
pathogenesis. A central event in the pathogenesis of GPA is ANCA-mediated neutro-
phil activation (41). Full blown neutrophil activation by ANCA requires priming with 
pro-inflammatory stimuli that induce translocation of the ANCA antigens to the cell 
surface, facilitating interaction with ANCA. Neutrophil activation is then triggered 
primarily via Fc receptor mediated interactions resulting in the release of oxygen 
radicals and proteases that are injurious to the vessel wall (42,43). Our results 
showed that TNF-α-primed neutrophils expressed higher levels of VISTA, suggesting 
that higher frequencies of VISTA expressing neutrophils in GPA mirror a state of ac-
tivation. In line with this, our preliminary results showed that freshly isolated (non-
primed) neutrophils from GPA patients have a higher capacity to suppress CD4+ T 
cell proliferative responses when compared with neutrophils of HCs. A reasonable 
conjecture could be that neutrophils of GPA patients had already undergone in vivo 
TNF-α-priming or ANCA-priming. Another possible explanation for this effect could 
be the increased frequencies of VISTA positive circulating neutrophils with suppres-
sive activity in GPA patients although this clearly needs further investigation.

          Our study has several limitations. First, no samples from GPA patients with 
active disease were included. This could shed light on the influence of disease ac-
tivity on leukocyte VISTA expression. Second, since our study was cross-sectional 
in design, additional prospective studies will be needed to determine the stability 
and/or fluctuations of frequencies of VISTA expressing leukocytes during the course 
of the disease in individual patients. Third, our preliminary observations on the ef-
fects of neutrophils on T cell functions clearly need to be confirmed and extended 
before firm conclusions can be drawn. At present, we cannot conclude that the 
suppressive effect of neutrophils on T cell proliferation is a general feature of these 
cells and that this effect is exclusively mediated by VISTA. As such, additional studies 
with validated VISTA blocking compounds will be necessary. In this context, animal 
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models of AAV may be helpful as well. For example, induction of the established ex-
perimental mouse model of anti-MPO antibody mediated glomerulonephritis (44) 
in VISTA deficient mice could provide more direct insights into the functional role of 
VISTA in the pathogenesis of AAV.

          In conclusion, increased frequencies of VISTA expressing leukocytes in GPA 
patients in remission warrants further investigations into the possible role of this 
inhibitory IC in GPA pathogenesis. Future studies should monitor the expression 
pattern of VISTA on circulating immune cells of GPA patients during their disease 
course, characterize VISTA expression on infiltrating immune cells in vasculitic le-
sions and, interrogate the functional consequences of VISTA on T cell activation in 
GPA in vitro and in vivo. 
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Supplementary Information

GPA: Granulomatosis with Polyangiitis. PB: peripheral blood; M: Male; F: Female; X: sample 
was included; N: No, Y: Yes.
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Supplementary Figure S1. Absolute numbers of circulating CD4+, monocytes and neu-
trophils. Absolute numbers of CD4+ T cells (A), monocytes (B) and neutrophils (C) of HCs 
(n=34), GPA patients (n=43) and GCA patients (n=15). Horizontal lines represent median 
percentages. *P<0.05, ***P<0.005, ns= not significant. 
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Supplementary Figure S2. Gating strategy for the assessment of VISTA+ cells. Represen-
tative flow cytometry plots from CD4+ T cells, monocyte subsets (classical, intermediate 
and non-classical) and neutrophil subsets (CD62LHigh CD16Low, CD62LLowCD16High and 
CD62LHighCD16High) of a HC are shown.
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Chapter 5
Decreased expression of negative immune checkpoint 
VISTA by CD4+ T cells facilitates T helper 1, T helper 17 
and T follicular helper lineage differentiation in GCA
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Abstract

Loss of immune checkpoint (IC) Programmed Death-1 (PD-1) and PD-Ligand1 (PD-
L1) expression has been implicated in the immunopathology of Giant Cell Arteritis 
(GCA). The contribution of the negative immune checkpoint V-domain Immuno-
globulin-containing suppressor of T cell activation (VISTA) to GCA pathology has not 
yet been studied. The aim of our study was to investigate if expression of VISTA and 
other IC molecules by peripheral blood (PB) immune cells is modulated in GCA and 
at the site of vascular inflammation. In addition, we assessed the effect of VISTA-Ig 
engagement on in vitro CD4+ T helper (Th) lineage differentiation. To this end, fre-
quencies of monocytes expressing CD80/86, PD-L1, PD-L2 and VISTA were deter-
mined in blood samples from 30 GCA patients and 18 matched healthy controls by 
flow cytometry. In parallel, frequencies of CD4+ cells expressing CD28, Cytotoxic 
T-Lymphocyte-associated antigen-4 (CTLA-4), PD-1, and VISTA were determined. 
Immunohistochemistry was employed to detect VISTA, PD-1 and PD-L1-expressing 
cells in temporal artery biopsies (TAB) diagnostic of GCA. Furthermore, the effect 
of VISTA-Ig on in vitro CD4+ Th lineage differentiation in patients and controls was 
determined. Our study shows that frequencies of CD80/CD86+ and VISTA+ mono-
cytes were decreased in treated GCA patients only. Moreover, proportions of PD-1+ 
and VISTA+ Th cells were significantly decreased in GCA patients. Clear infiltration of 
VISTA+, PD1+ and PD-L1+ cells was seen in GCA TABs. Finally, VISTA-Ig engagement 
failed to suppress Th1, Th17 and Tfh lineage development in GCA. Our results indi-
cate that decreased expression of VISTA may facilitate development of pathogenic 
Th1 and Th17 cells in GCA. 
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Introduction

The immune system regulates the immune response by balancing a complex net-
work of cell surface molecules required to defend the body against threats whilst 
maintaining tolerance to self-antigens. T cell activation is of paramount importance 
to face novel antigenic challenges. The activation of T cells requires two signals to 
reach full activation: the first signal occurs through the T cell receptor (TCR), which 
recognizes a cognate peptide antigen when bound to the major histocompatibil-
ity complex (MHC) molecules on the surface of antigen presenting cells (APCs). 
The second signal is provided by immune checkpoint (IC) molecules also known 
as co-stimulatory and co-inhibitory molecules which determine cell activation or 
anergy. The magnitude of the response will be proportional to the sum of molec-
ular pathways that strengthen or weaken the immune responses (1). Thus, failure 
of immune checkpoint regulation may lead to the development of T cell-mediated 
autoimmune diseases such as Giant Cell Arteritis (GCA).
 
          GCA is the most frequent form of primary vasculitis in the elderly population. 
Both age-related restructuring of the immune system together with the remod-
eling processes of the vascular wall facilitate the development of the disease (2). 
Defective immune responses in age-related immune disorders such as GCA are not 
fully understood, nevertheless, considerable progress has been made over the last 
decades identifying CD4+ T cells and monocytes/macrophages as pivotal players 
in the pathogenic process of GCA (3–7). Briefly, the immunopathological model of 
GCA occurs as follows: in vasculitic lesions, vascular dendritic cells (vasDCs) are eas-
ily activated due to reduced expression of PD-L1 (8). Signals mediated via activated 
vasDCs are responsible for the recruitment of T cells into the vessel wall. Once re-
cruited, T cells are locally activated by the same vasDCs and are polarized towards 
Th1 and Th17 development by Th1- (IL-12) and Th17- (IL-1b, IL6, IL23) driving cyto-
kine cues. Th1 and Th17 cells produce large amounts of IFN-ɤ and IL-17 respective-
ly, which favor a state of chronic inflammation and the subsequent recruitment of 
CD8+ T cells and monocytes into the vessel wall. These monocytes differentiate into 
macrophages amplifying vascular inflammation, damage and ultimately triggering 
the vascular remodeling processes (3,4,6,7,9). 

          Thus, both the Th1 and Th17 axes are important contributors to disease ac-
tivity and inflammation in GCA (10–13). In addition, IL-21-producing CD4+ T cells 
have been reported to correlate with disease activity and to contribute to Th1 and 
Th17 expansion in GCA (14). The relationship between IC expression modulation 
and the different Th lineages has been studied both in GCA and in cancer. In can-
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cerous environments, PD-1 blockade augmented Th1 & Th17 responses (15). In a 
humanized model of vasculitis, PD-1 blockade enhanced vascular inflammation and 
tissue production of T cell cytokines IFN-ɤ and IL-17 (8). In contrast, little is known 
about V-domain Immunoglobulin-containing suppressor of T cell activation (VISTA), 
an inhibitory receptor expressed on myeloid cells and T cells that has been report-
ed to behave as both ligand and receptor to suppress T cell activation (16,17). In-
terestingly, Wang et. al. recently proposed that V-Set and Immunoglobulin domain 
containing 3 (VSIG-3) could also act as a ligand for VISTA delivering a negative signal 
thereby, inhibiting T cell activation (18). However, information on the role of VISTA 
in shaping CD4+ T cell differentiation is limited. In healthy donors, VISTA enhanced 
the conversion of human naïve T cells into FoxP3+ T cells (16), yet, such information 
is currently lacking in the context of GCA development. 

          Changes in checkpoint molecule expression have been linked to the devel-
opment of a chronic pro-inflammatory state facilitating the development of (auto) 
inflammatory disorders in the elderly (19–21). Particularly in GCA pathogenesis, ab-
normalities in the PD-1/PD-L1 pathway have been reported (8,22). Moreover, im-
mune checkpoint inhibitor (ICI) therapy in cancer was found to trigger GCA devel-
opment (21,23–25). In an effort to understand the possible added contribution of IC 
pathways to the dysregulation of CD4+ T cells in GCA, we aimed to 1: investigate the 
expression of different IC molecules on CD4+ T cells of GCA patients and compare it 
with age- and sex-matched healthy controls (HCs), 2: assess checkpoint expression 
at the vascular site in GCA and non GCA biopsies and 3: determine the effect of 
VISTA-Ig engagement on CD4+ subset lineage differentiation. 
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Materials and Methods
Study Population

In a cross-sectional study, fresh blood samples were obtained from 30 GCA pa-
tients. Fifteen patients were receiving glucocorticoids (GC), i.e. prednisolone. Four 
of these patients were also receiving methotrexate. The remaining 15 patients were 
not receiving GC or methotrexate at the time of blood-withdrawal (Table 1). Blood 
samples were obtained before noon and all donors were non-fasted/ took their 
prednisolone in the morning. GCA diagnosis was either confirmed by a positive TAB 
and/or positive 18F-fluorodeoxyglucose-positron emission tomography-computed 
tomography (FDG-PET/CT) (Supplementary Table S1A). As controls, we obtained 
fresh blood samples from 18 sex- and age-matched healthy controls (HCs) who 
were screened for past or actual morbidities and pharmacological treatments (Sup-
plementary Table S1B).

          At time of diagnosis, patients were examined for both cranial and/or systemic 
symptoms. For cranial symptoms, patients had to present one of the following: new 
headache, temporal artery abnormality, scalp tenderness, jaw/tongue claudication, 
vision loss (ischemic symptom), amaurosis fugax (ischemic symptom), transient 
ischemic attack (TIA) or cerebrovascular accident (CVA). The following systemic 
symptoms reflecting GCA disease activity were taken into account: arm/leg clau-
dication or PMR clinic, and/or two of the following symptoms: fever, weight loss, 
malaise or night sweats. Symptoms were scored only if they could not be explained 
by other causes (i.e. infection). 

          Written informed consent was obtained from all study participants. All proce-
dures were in compliance with the declaration of Helsinki. The study was approved 
by the institutional review board of the UMCG (METc 2012/375 for HC and METc 
2010/222 for GCA patients).
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Treatment of the patients

GCA patients were initially treated with 40–60 mg/day of prednisone. Tapering of 
prednisone treatment started after 2–4 weeks, based on normalization of clinical 
signs and symptoms accompanied by normalization of the ESR and/or CRP. After 3 
months, the median prednisone dose was 15 mg/day. Seventeen GCA patients were 
in remission after 3 months of GC treatment. Remission was defined based on the 
absence of clinical signs and symptoms and normal erythrocyte sedimentation rate 
(ESR) (<30 mm/hr) and/or C-reactive protein (CRP) < 5mg/L. 

Staining for Surface Markers (Flow cytometry)

Fresh blood samples were collected in EDTA anticoagulant tubes and processed 
within 2 hours. The samples were stained in two separate multi-color flow cytome-
try panels. The first panel (Panel 1) included the following monoclonal antibodies: 
anti-CD3, anti-CD4, anti-CD45RA, anti-CD25, anti-CD28, anti-CTLA-4, anti-CD279 
(PD-1) and anti-VISTA (Supplementary Table S2A). The second multi-color flow 
cytometry panel (Panel 2:) included the following monoclonal antibodies: an-
ti-CD3, anti-CD16, anti-CD14, anti-CD274 (PD-L1), anti-CD273 (PD-L2), anti-CD80, 
anti-CD86 and anti-VISTA (Supplementary Table S2B).  After this, cells were fixed 
and erythrocytes were lysed using FACS Lysing solution (BD Biosciences, Durham, 
NC, USA) according to instructions of the manufacturer. Immediately thereafter, 
samples were measured on a BD LSR-II flow cytometer. Data were collected for at 
least 1 X 105 cells and analyzed with Kaluza Analysis Software (Beckman Coulter). 
Proportions of marker positive/negative cell populations were calculated by quad-
rant dot-plot analysis based on proper isotype controls. In panel 1, CD4+ T cell sub-
sets were identified and gated as previously described (Figure 4A) (26). For gat-
ing strategy see supplementary material (Supplementary Figure S1A). In panel 2, 
classical (CD14brightCD16neg), intermediate (CD14brightCD16+) and non-classical 
(CD14dimCD16+) monocytes subsets were gated as previously described (Supple-
mentary Figure S1B) (27). In parallel, the absolute numbers of CD3, CD4 and CD8 
T-cells and monocytes were determined according to the MultiTest TruCount meth-
od (BD), as described by the manufacturer. Data were acquired on a FACS Canto-II 
(BD Biosciences) and analyzed with FACS Canto Clinical Software (BD).

Effect of VISTA-Ig engagement on CD4+ T cell differentiation

96-well flat-bottom plates were coated with purified anti-CD3 (clone OKT3,) at 2.5 
μg/mL mixed together with 10 μg/ ml VISTA-Ig (R&D Systems) or control-Ig protein 
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(110-HG, R&D Systems) in PBS for 2 hours at 37°C and stored at 4°C overnight. 
Wells were washed twice with RPMI 1640 before adding cells. Peripheral blood 
mononuclear cells (PBMC) were isolated from heparinized blood with Lymphoprep 
(Axis-Shield). Immediately after, CD4+ T cells were isolated by negative selection 
using the MagniSortTM Human CD4+ T cell Enrichment Kit, (Thermo Fisher Scien-
tific, Waltham, MA., USA ) according to instructions of the manufacturer. CD4+T 
cells were plated at 1 × 105 cells per well in RPMI1640 with 10% heat-inactivated 
fetal bovine serum and gentamycin. Next, soluble anti-CD28 (clone L293, BD Bio-
sciences) at 250 ng/mL was added to the culture media. After 5 days in culture at 
37°C, cells were stained with zombie NIR fixable viability kit (Biolegend) according 
to instructions of the manufacturer and surface marker CD4. Next, cells were fixed 
and permeabilized with FoxP3 staining buffer set (eBiosciences) followed by intra-
cellular staining for transcription factors: FoxP3, T-bet, RORgt, BCL6, GATA3 (Supple-
mentary Table S2C).

Immunohistochemistry (IHC)

Temporal artery biopsies (TABs) were obtained from 5 GCA patients before start of 
GC treatment. The tissue was fixed in formalin and paraffin embedded. Sections 
were deparaffinized in xylene and rehydrated in graded ethanol. After antigen re-
trieval in 1mM EDTA (pH 8) and endogenous peroxidase blocking, sections were 
incubated with a rabbit monoclonal anti-VISTA antibody (Clone: D1L2G; Dilution: 
1:200; Cell Signaling, Danvers, USA) or an isotype control antibody. The primary 
antibody was visualized using an EnVision+ Kit (HRP Rabbit AEC+, Dako K4009) and 
sections were counterstained with hematoxylin. Stainings for PD-1 (Clone: MRQ-22; 
Dilution: ready to use (R.T.U); Ventana) and PD-L1 (Clone: SP263; Dilution: R.T.U; 
Ventana) were performed in a Benchmark Ultra automated immunostainer (Ven-
tana, Tucson, Arizona) using pre-diluted antibodies and following the manufactur-
er’s protocols. (Supplementary Table S2D). Non-GCA TABs (n=5) and human tonsil 
tissue were used as controls (Temporal arteries were considered negative for GCA 
if there were no typical histological findings). Stained sections were scanned using 
a Nanozoomer Digital Pathology Scanner (NDP Scan U10074–01, Hamamatsu Pho-
tonics K.K., Hamamatsu, Japan).

          Detection of VISTA, PD-1 and PD-L1-expressing cells (irrespective of intensi-
ty) in affected temporal artery biopsy areas was semi-quantitatively scored on a 
five-point scale (0–4): 0 = no positive cells, 1 = occasional positive cells (0–1% esti-
mated positive), 2 = low numbers of positive cells (>1–20%), 3 = moderate numbers 
of positive cells (>20–50%), 4 = high numbers of positive cells (more than 50%). Af-
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fected regions containing infiltrating cells were scored. Scoring was performed by 
two independent investigators, trained by a pathologist and average scores were 
calculated.

          Double staining was performed in limited number of samples to confirm the 
co-localization of VISTA with T cells using CD3 or with macrophages using pu.1 (28). 
MultiVision Polymer Detection system (MultiVision anti-rabbit/AP + anti-mouse/
HRP polymers; Thermo Fisher Scientific, Fremont, USA) was used according to the 
manufacturer’s instructions. Binding of primary antibodies was visualized with the 
chromogens of the MultiVision kit, LVBlue and LVRed.

Statistical Analysis

Non-parametric tests were used for data analysis. The Mann-Whitney U test was 
used to compare data of patients with HC. Paired samples were analyzed with the 
Wilcoxon signed rank test. Analyses were performed with GraphPad Prism 7.0 soft-
ware. P-values of less than 0.05 (2-tailed) were considered statistically significant. 

ThesisRHC.indd   131 12/27/19   4:43 PM



Decreased VISTA expression in GCA

132

Results

Reduced frequencies of negative IC molecule expressing monocytes in peripheral 
blood of GCA patients is treatment-related.

We first assessed the numbers of monocytes in peripheral blood (PB) of GCA pa-
tients and HCs. Total monocyte counts were comparable between groups. Next, we 
analyzed the expression of CD80/86, as ligands of CD28 and CTLA-4 and the expres-
sion of PD-L1/PD-L2 as ligands for PD-1 on the surface of monocytes. As VISTA has 
been reported to behave both as ligand and receptor to suppress T cell activation 
(29,30), we measured VISTA+ cells in both panels (panel 1 and 2, Supplementary 
Table S2A and B). The frequencies of PD-L1 and PD-L2-expressing cells were not dif-
ferent between GCA patients and HCs. Interestingly, the proportions of circulating 
monocytes expressing CD80/CD86 and VISTA were decreased in GCA patients (Fig-
ure 1). As GC treatment has a major effect on immune cells, especially monocytes 
(27,31), we analyzed expression in GCA patients who were not receiving GC (n=15) 
and GCA patients receiving GC (n=15) separately. Indeed, the proportional decrease 
of monocytes expressing CD80/CD86 and VISTA was treatment related (Figure 2).

Figure 1. Frequencies of immune checkpoint molecule expressing circulating monocytes of 
GCA patients and HCs. Frequencies of peripheral monocytes expressing CD80/86 and VISTA 
(plotted on left y-axis) were decreased in GCA patients (n=30) compared with HCs (n=18). 
Frequencies of peripheral monocytes expressing PD-1 ligands (PD-L1 and PD-L2) (plotted 
on right y-axis) were comparable between GCA patients and HCs. The red horizontal lines 
represent the median. Significant differences by the Mann-Whitney U test are indicated: 
*P<0.05, **P< 0.01, ns= non-significant.
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Figure 2. Effect of GC treatment on CD80/CD86 and VISTA-expressing monocytes. (A) 
Decreased proportions of CD80/CD86+ circulating monocytes of treated GCA patients, no 
differences between untreated GCA patients and HC. (B) Decreased proportions of VISTA+ 
circulating monocytes of treated GCA patients, no differences between untreated GCA pa-
tients and HC. (HC: n=18, GCA treated: n=15 and GCA untreated: n=15). The red horizontal 
lines represent the median. Significant differences by the Mann-Whitney U test are indicat-
ed: *P<0.05, ***P< 0.001, ns= non-significant.

Reduced frequencies of negative IC molecule expressing CD4+ T cells in peripheral 
blood of GCA patients

Similarly, we measured the absolute numbers and frequencies of CD4+ T cells. No 
significant differences between GCA patients and HCs were observed (Supplemen-
tary Figure S2). Next, we analyzed the frequencies of expression of IC express-
ing-CD4+ T cells. Proportions of co-stimulatory molecule CD28+ and its outcompet-
ing co-inhibitory molecule CTLA-4+ cells were similar between patients and HCs. 
We sought to confirm that frequencies of circulating PD-1+ Th cells were reduced 
in GCA patients (8). Indeed, proportions of these cells in GCA patients were lower 
than in HCs. In addition, proportions of VISTA+ Th cells were also decreased in GCA 
patients (Figure 3). Contrary to the outcome seen on IC expression on monocytes, 
no effect of GC treatment on IC expression by CD4+ T cells was detected. Decreased 
expression of the negative IC was seen in both patients receiving GCs and not re-
ceiving GCs (Supplementary Figure 3).
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Figure 3. Frequencies of immune checkpoint molecule expressing circulating CD4+ Th cells 
in GCA patients and HCs. Frequencies of CD28+ (plotted on left y-axis) and CTLA-4+ (plotted 
on right y-axis) peripheral CD4+ T cells were comparable between GCA patients (n=30) and 
HCs (n=18). Proportions of PD-1+ and VISTA+ (plotted on right y-axis) peripheral CD4+ T 
cells were decreased in patients compared with HCs. The red horizontal lines represent the 
median. Significant differences by the Mann-Whitney U test are indicated: **P< 0.01, ns= 
non-significant.

Immune checkpoint expression in CD45RA and CD25 defined CD4+ T cell subsets.
 
Next, we determined the frequencies of IC molecule-expressing cells within func-
tionally distinct populations of naïve and memory CD4+ Th cells by CD45RA and 
CD25 expression (Figure 4A) according to Miyara et al. (32) and adapted by van der 
Geest et al. to add one age-associated subset (26). The memory fractions include 
Memory CD25- (fraction 5), Memory CD25dim (fraction 4), Memory CD25int (frac-
tion 3) and Memory CD25high Treg (fraction 2). Within fractions 5 & 4, frequencies 
of CD28+, PD-1+ and VISTA+ cells were decreased in GCA patients compared to 
HCs. Memory CD25int (fraction 3) which has intermediate expression of CD25 but 
is considered as a non-regulatory T cell subset, showed a decrease in the propor-
tions of PD-1+ and VISTA+ cells of GCA patients compared to HCs. Interestingly, 
within fraction 2, the activated Treg subset, we found unchanged frequencies of 
cells expressing the negative IC molecules measured, but a decrease in proportions 
of cells expressing the positive co-stimulator CD28 in GCA patients compared to 
HCs, thereby suggesting a potentially decreased Treg activity (Figure 4). Within the 
naïve fractions we identified Naïve CD25- (fraction 6), Naïve CD25int Treg (fraction 
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1) from the Miyara classification plus the age-associated subset CD45RA+ CD25dim 
(fraction 7) cells which have been shown to represent a broad and functional res-
ervoir of naïve T cells in the elderly population (26). Within these naïve fractions, 
frequencies of VISTA+ cells were decreased in GCA patients compared to HCs. Pro-
portions of PD-1–expressing cells were also significantly decreased in conventional 
naïve T cell fractions 6 and 7 but not in naïve CD25int Treg (fraction 1). Frequencies 
of CTLA-4-expressing cells within the memory and naïve fractions were comparable 
between GCA patients and HC (Figure 4C).

Figure 4. Immune checkpoint expression in CD45RA and CD25 defined CD4+ T cell sub-
sets. (A) Flow cytometric gating strategy for analysis of CD45RA and CD25 defined subsets 
in peripheral blood, as reported by Miyara et. al. 2009 (32) and adapted by van der Geest 
(26). Naïve and memory CD4+ T cells subsetted into 7 cell fractions. Memory fractions: 
Memory CD25- (fraction 5), Memory CD25dim (fraction 4), Memory CD25int (fraction 3) 
and Memory CD25high Treg (fraction 2). Naïve fractions: Naïve CD25- (fraction 6), CD45RA+ 
CD25dim (fraction 7) and Naïve CD25int Treg (fraction 1). A representative flow cytometry 
plot is shown for a GCA patient. Frequencies of CD28+ cells (B), CTLA-4+ cells (C), PD-1+ 
cells (D) and VISTA+ cells (E) within memory and naïve fractions of GCA patients (n =30) and 
HCs (n=18). The red horizontal lines represent the median. Significant differences by the 
Mann-Whitney U test are indicated: *P<0.05, **P< 0.01, ns= non-significant.
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Increased numbers of VISTA+, PD-1+ and PD-L1+ cells in infiltrates of GCA TAB

As we found PD-1 and VISTA to be modulated in Th cells from GCA patients, we next 
assessed expression of these checkpoints, including the ligand PD-L1, at lesional 
sites using immunohistochemistry on GCA diagnostic TABs (Figure 5 and Supple-
mentary Figure S4 for isotype control staining).

Figure 5. Increase in VISTA+, PD-1+ and PD-L1+ cells in temporal artery biopsies of GCA 
patients. (A) Immunohistochemical staining for VISTA, PD-1 and PD-L1 in non-GCA tem-
poral artery biopsies (TABs) and (B) in representative TABs diagnostic of GCA. (C, D & E) 
Semi-quantitative mean scores of VISTA+, PD-1+ and PD-L1+ cells in inflammatory areas of 
GCA TABs (n=5) and non-GCA TABs (n=5). Scores are given for the adventitia (Adv), media 
(Med, infiltrating cells only) and intima (Int). Data are presented as scatter plots. The hori-
zontal red lines represent the median. 
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We found VISTA-expressing cells to be increased within the infiltrates of the adven-
titia, media and intima layer of the vessel wall when compared to non-GCA biopsies 
(Figure 5C). PD-1-expressing cells were found mostly within the infiltrates of the 
medial layer of the vessel wall (Figure 5D). Finally, PD-L1-expressing cells were also 
increased in GCA biopsies compared with non-GCA TABs (Figure 5E). In addition, 
double staining for VISTA/CD3 and VISTA/pu.1 confirmed that T cells as well as mac-
rophages in the vascular wall express VISTA (Supplementary Figure S5).

CD4+ T cells of GCA patients are unresponsive to VISTA-Ig engagement

To evaluate whether the decrease in the frequencies of VISTA+ cells seen in GCA 
patients would translate into a functional effect, we performed experiments us-
ing recombinant human VISTA on human T cells. To this end, VISTA-Ig or control Ig 
was immobilized on plates with anti-CD3 (OKT3) and soluble anti-CD28 was added 
to provide appropriate co-stimulatory signaling. Unstimulated samples served as 
controls. Dead cells were excluded from the analysis and gates were set according 
to unstimulated samples (Supplementary Figure S6). The ability of CD4+ T cells to 
differentiate into Th subsets (Th1, Th17, Tfh, Th2 and Treg) was assessed by measur-
ing the expression of intracellular transcription factors (T-bet, RORɤt, BCL6, GATA3 
and FoxP3) (Supplementary Figure S7). The effect of VISTA-Ig engagement on CD4+ 
T cell differentiation in HCs showed a decrease of T-bet, RORɤt and BCL6-express-
ing cells when compared to Ig control engagement. (Supplementary Figure S8 & 
S9) The expression of GATA3 and FoxP3 remained unchanged. On the other hand, 
applying the same differentiation conditions to CD4+ T cells of GCA patients, we 
found that VISTA-Ig engagement failed to modulate any of these transcription fac-
tors, hence facilitating Th1, Th17 and Tfh lineage differentiation (Figure 6).
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Figure 6. CD4+ T cell differentiation upon VISTA engagement. CD4+ T cells were negatively 
isolated from PBMCs. Cells were cultured in 96-well flat-bottom plates and stimulated for 5 
days at 37°C in anti-CD3 (2.5ug/mL) coated plates simultaneously coated with either control 
Ig or VISTA-Ig (both 10ug/mL). Soluble anti-CD28 was added at 250 ng/mL. After 5 days, 
CD4+ T cell differentiation was assessed by measuring the expression of intracellular tran-
scription factors (T-bet, RORɤt, BCL6, GATA3 and FoxP3). (A) Frequency of transcription fac-
tor expression of CD4+ T cells from healthy controls when engaged to control Ig (light blue) 
and VISTA-Ig (dark blue) (n=6). (B) Frequency of transcription factor expression of CD4+ T 
cells from GCA patients when engaged to control Ig (light orange) and VISTA-Ig (dark orange) 
(n=6). (C) Radar plot of the frequency of transcription factor expression of CD4+ T cell from 
HC (blue) and GCA patients (orange) combined. Individual values represent the median. Sig-
nificant differences by Wilcoxon signed-rank test are indicated: *P<0.05, ns= non-significant. 
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Discussion

We found that expression of IC molecules PD-1 and VISTA is reduced in both mem-
ory and naïve CD4+ T cells of GCA patients. Our functional studies show that VISTA 
plays a role in skewing CD4+ lineage differentiation and that VISTA-Ig engagement 
failed to suppress Th1, Th17 and Tfh lineage development in GCA. Reduced VISTA 
expression may thus favor the expansion of pathogenic Th1 and Th17 responses in 
GCA patients. Our VISTA data strengthen the hypothesis of failing immune regula-
tion in GCA development. 

          The molecular mechanism by which VISTA exerts its inhibitory effects is not yet 
fully understood. However, there have been several reports of VISTA’s dual behav-
ior, as a ligand and receptor, suppressing T cell activation (33–36). We here provide 
evidence for a role of VISTA in shaping Th lineage differentiation. Previously, VISTA 
was shown to enhance the conversion of human naïve T cells into FoxP3+ T cells of 
healthy individuals (16). In our in vitro model we did not detect a role for VISTA-Ig in 
the enhancement of FoxP3+ T cells. However, we show that in GCA, VISTA engage-
ment failed to suppress Th1, Th17 and Tfh differentiation, consequently, reduced 
VISTA expression may favor the development of pathogenic Th1 and Th17 respons-
es in GCA. Although the contribution of Th1 and Th17 to GCA is clearly established, 
the contribution of Tfh cells seems counterintuitive as GCA is not characterized by 
disease-specific autoantibodies. Yet, the IL-21 producing capacity of Tfh cells could 
contribute to IL-21-mediated expansion of pathogenic Th1 and Th17 in GCA (14). 
Clearly, the mechanism by which VISTA mediates these effects and the role of IL-21 
producing Tfh cells in GCA remain to be established.

          The modulation of IC on monocytes was found to be related to GC treatment. 
GC represent an important therapeutic strategy to treat various inflammatory and 
autoimmune diseases such as GCA. GC are immunomodulatory agents which reg-
ulate gene expression and signaling pathways by binding to intracellular receptors 
(37,38). In addition, some of the effects of GC exposure include decreased DC ability 
to present antigens and mount an optimal T cell response. This is a consequence of 
GC preventing the upregulation of MHC class II and costimulatory molecules CD80 
and CD86 (37,38). Hence, it is likely that GC modulated these IC on monocytes of 
GCA patients in our study. 

          Here, we report lower frequencies of circulating PD-1 and VISTA-expressing 
CD4+ T cells in GCA patients. This was independent of treatment, suggesting that 
the IC modulation was likely due to vasculitis-associated inflammation. Our data 
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confirms the previously reported decrease of circulating PD-1+ CD4+ T cells in GCA 
patients (8). Here, we extend these findings by showing reduced frequencies of 
VISTA+ Th cells in GCA patients. Moreover, we found reduced frequencies of CD28, 
PD-1 and VISTA-expressing cells in most memory T cell subsets. Interestingly, mem-
ory Tregs showed a decreased proportion of CD28+ cells which could translate into 
a diminished regulatory activity. Remarkably, we found that frequencies of PD-1 
and VISTA-expressing cells were already reduced in all naïve T cell fractions. The 
latter finding suggests that naïve T cells in GCA may already be imprinted by sys-
temic inflammatory processes although no direct correlation was found between 
IC decreased expression on immune cells and inflammatory markers (i.e. CRP, ESR). 
Decreased immunoinhibitory checkpoint expression is thought to be related to per-
sistence of T cell activation. The combination of low CD28 activated Tregs together 
with decreased negative IC in both memory and naïve T cells might facilitate the 
activation of effector/autoreactive T cells in GCA. In our in vitro study, favoring the 
stimulation and differentiation of naïve T cells, we found VISTA-Ig engagement to 
down modulate T-bet, RORɤt and BCL6 lineage differentiation in CD4+ T cells of 
HCs. In contrast, CD4+ T cells of GCA patients were found to be non-responsive to 
VISTA-Ig engagement. 

          We also investigated IC expression in GCA lesional sites. Our data showed, 
consistent with increased infiltration of the vessel wall in GCA TABs, higher numbers 
of VISTA+ cells throughout all three layers of the vessel wall. We found higher num-
bers of PD-1-expressing cells in granulomatous lesions of GCA patients, particularly 
in the media layer when compared to non-GCA control tissues. Lastly, within the 
vessel wall of GCA patients, we found higher numbers of PD-L1+ cells. The increase 
of negative IC within the vessel wall could indicate a futile attempt to decrease im-
mune activation and prevent further damage. 

          Persistent activation of T cells, especially Th1 and Th17 cells, is a well-known 
phenomenon occurring in GCA patients (3,4,9,11). Furthermore, our in vitro T cell 
differentiation studies substantiate the notion of persistent activation as VISTA-Ig 
mediated suppression did not suppress CD4+ lineage differentiation in GCA pa-
tients. This could mean that VISTA expression on the surface of these cells is insuf-
ficient to properly transmit the negative signal. This may also be true at the site of 
inflammation. Despite the increase of VISTA-expressing cells in the infiltrated layers 
of the vascular wall, vascular inflammation and occlusion appears to be an ongoing 
process. Future validation studies should be performed in an independent larger 
cohort to confirm our observations.
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          Growing evidence indicates that the impaired PD-1/PD-L1 axis plays an import-
ant role not only in cancer but also in GCA and a variety of autoimmune diseases 
(39–41). Here, we demonstrate that the VISTA signaling pathway fails to control 
Th1, Th17 and Tfh lineage differentiation in GCA. The data add to a further under-
standing of unchecked pathogenic T cell responses in GCA and may aid the develop-
ment of new therapeutic strategies.
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Supplementary Material

GCA: Giant Cell Arteritis. *GCA patients with concomitant PMR. ** GCA patients newly diag-
nosed and untreated. PB: peripheral blood; M: Male; F: Female; PET-CT: positron emission 
tomography-computer tomography; TAB: temporal artery biopsy; GC: glucocorticoids; X: 
sample was included.
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HC: Healthy Control; PB: peripheral blood; M: Male; F: Female; X: sample was included
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Supplemental Figure S1A. Flow cytometric gating strategy to measure IC molecules in 
CD4+ T cells. Lymphocytes were gated using FCS/SSC, from the entire lymphocyte popula-
tion, only single cells were gated to identify CD4+ T cells using the CD3/CD4 plot. Within the 
CD4+ T cells, IC molecules CD28, CTLA-4, PD-1 and VISTA proportions were calculated based 
on proper isotype controls. Representative flow cytometry plots are shown for a HC and a 
GCA patient.
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Supplemental Figure S1B. Flow cytometric gating strategy to identify monocyte subsets. 
Monocytes subsets were identified based on CD14 and CD16 expression as classical (CD-
14brightCD16neg), intermediate (CD14brightCD16+) and non-classical (CD14dimCD16+) 
monocytes. Representative flow cytometry plots (equal number of events) are shown for a 
HC and a GCA patient.

Supplemental Figure S2: No differences in CD4+ T cells absolute counts or proportions. (A) 
Absolute numbers of CD4 T cells of healthy controls (HC, n=12) and GCA patients (n=24). 
(B) Proportions of circulating CD4 T cells of HCs (n=18) and GCA patients (n=30). The red 
horizontal lines represent the median. Significant differences by the Mann-Whitney U test 
are indicated: ns= non-significant.
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Supplemental Figure S3. No effect of GC treatment on PD-1 and VISTA-expressing CD4+ T 
cells. (A) Decreased proportions of PD-1+ circulating CD4+ T cells of treated and untreated 
GCA patients compared with HC. (B) Decreased proportions of VISTA+ circulating CD4+ T 
cells of treated and untreated GCA patients compared with HC. (HC: n=18, GCA treated: 
n=15 and GCA untreated: n=15). The red horizontal lines represent the median. Significant 
differences by the Mann-Whitney U test are indicated: *P<0.05, **P< 0.01, ns= 
non-significant.

Supplemental Figure S4:  Control polyclonal rabbit IgG for immunohistochemistry VISTA 
staining. Immunohistochemistry staining for Rabbit IgG in a representative inflamed tempo-
ral artery biopsy from a GCA patient.
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Supplementary Figure S5: VISTA co-localizes with CD3 and pu.1 in temporal artery biopsies 
from GCA patients. (A) Co-localization of VISTA with CD3 and (B) co-localization of VISTA 
with pu.1 in the temporal artery biopsy of a GCA patient. Blue= VISTA staining; Red= lineage 
marker CD3 (T cells) or pu.1 (macrophages). Arrows indicate co-localization of VISTA with T 
cells (A) or macrophages (B).

Supplemental Figure S6: Flow cytometric gating strategy of CD4+ T cell differentiation. 
Representative flow cytometric plot showing gating of single and alive CD4+ T cells.
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Supplemental Figure S7: Percentages of cells expressing transcription factors within CD4+ 
T cells of HC and GCA patients. (A) Percentages of cells expressing FoxP3, RoRɤt, BCL6, 
GATA3, T-bet within CD4+ T cells of 6 HCs and 6 GCA patients (B) after 5 days of culture with 
coated anti-CD3 together with control Ig or VISTA-Ig and soluble anti-CD28. Unstimulated 
samples served as controls. Gates were set according to unstimulated samples and dead 
cells were excluded from the analysis by using a fixable viability dye. Significant differences 
by Wilcoxon signed-rank test are indicated: *P<0.05, ns= non-significant.
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Supplemental Figure S8: CD4+ T cells of GCA patients seem unresponsive to VISTA-Ig en-
gagement. Representative flow cytometric staining of intracellular RoRɤt, BCL6 & Tbet in 
CD4+ T cells of a HC and GCA patient after 5 days of culture with coated anti-CD3 together 
with control Ig or VISTA-Ig and soluble anti-CD28. Unstimulated samples served as controls. 
Gates were set according to unstimulated samples and dead cells were excluded from the 
analysis by using a fixable viability dye.
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Supplemental Figure S9: Decreased expression of transcription factors by CD4+ T cells fol-
lowing VISTA-Ig engagement of HC but not GCA patients. Representative histograms show-
ing expression of RoRɤt, BCL6 and Tbet by CD4+ T cells of (A) HC and (B) GCA patients after 
5 days of culture with coated anti-CD3 together with control Ig (gray) or VISTA-Ig (red) and 
soluble anti-CD28. 

ThesisRHC.indd   156 12/27/19   4:43 PM



ThesisRHC.indd   157 12/27/19   4:43 PM



ThesisRHC.indd   158 12/27/19   4:43 PM



Rebeca Hid Cadena1, Minke Huitema2, Johan H. Teunis1, A.M.H. Boots2, Elisabeth 
Brouwer2, Peter Heeringa1 and Wayel H. Abdulahad1,2.

1 Department of Pathology & Medical Biology, University of Groningen, University 
Medical Center Groningen, Groningen, Netherlands.
2 Department of Rheumatology & Clinical Immunology, University of Groningen, 
University Medical Center Groningen.

Chapter 6
Immune checkpoint expression by circulating helper T 
cells in Giant Cell Arteritis: Analyses of high dimensional 
flow cytometry data using t-distributed Stochastic Neigh-
bor Embedding (tSNE)
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Abstract

Background: Giant cell arteritis (GCA) is the most common form of systemic vas-
culitis in ageing individuals. It is an auto-inflammatory granulomatous disease with 
important roles for macrophages and CD4+ T cells. Accumulating evidence suggests 
an important role of immune checkpoints (IC) in the pathogenesis of GCA. Yet, lim-
ited information is available regarding the dynamics of IC expression by circulating 
immune cells in GCA. In this study we used the t-distributed stochastic neighbor 
embedding (tSNE) analytical tool to analyze and visualize IC molecule expression 
on CD4+ T cells of GCA patients with active disease compared with GCA patients in 
treatment-free remission and healthy controls (HC). 

Methods: Fresh blood samples from 10 GCA patients (newly-diagnosed n=5, treat-
ment-free remission n=5) and 5 HC were stained using a multiparameter flow cy-
tometry panel which included the surface markers CD3, CD4, CD45RA, CD25, CD28, 
CTLA-4, PD-1, and VISTA. For 3 of the newly diagnosed patients, additional samples 
were measured at 2 weeks, 3 months, 6 months, 9 months and 1 year after start 
of treatment. Data were analyzed and visualized by tSNE maps using FCS Express 
Software.

Results: Using tSNE analysis, differences between active and remission GCA patients 
and HC in expression patterns of IC molecules on CD4+ T cells became readily ap-
parent. In the cross- sectional analysis, expression of some IC molecules appeared 
increased by the CD25high CD45RA- CD4+ T cell subset, whereas in active GCA pa-
tients and in HC this was not observed. In addition, tSNE analysis of the follow-up 
data revealed a marked decrease in both CD4+ T cell counts as well as in the expres-
sion of ICs by CD4+ T cells most likely as a result of glucocorticoid treatment. 

Conclusion: This study shows that tSNE analysis unfolds more comprehensive in-
sights into IC expression by CD4+ T cells of GCA patients at diagnosis, in remission 
and during follow-up. The identification of distinct subsets in different phases of 
disease warrants further investigation into these subsets and their functionality.  
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Introduction

          Giant Cell Arteritis (GCA) is a granulomatous vasculitis targeting medium- 
and large-sized arteries causing vascular occlusion which eventually could lead to 
blindness or stroke. GCA mainly affects the elderly population and the initiation and 
perpetuation of the disease have been linked to abnormalities in both the innate 
and adaptive arms of the immune system (1–3). Immune checkpoints (IC) comprise 
a group of mainly surface molecules that regulate immune cell activation. The ex-
pression of several IC molecules has been reported to be altered in a variety of 
auto-immune and age-related diseases (4–9). Of interest, in GCA, aberrations in the 
immunoinhibitory PD-1/PD-L1 pathway have been reported (9). Nevertheless, lim-
ited information is available regarding phenotypical changes of circulating immune 
cells in GCA based on IC expression. In this context, flow cytometry provides the 
necessary technology to interrogate the expression of multiple molecules at once. 
However, multiparameter flow cytometry results in a wealth of complex data that 
are difficult to interpret and visualize with conventional analysis methods. Hence, 
there is a need for novel methods to analyze and visualize the output of high-di-
mensional flow cytometry data.
          In recent years, novel computational techniques based on dimension re-
duction have emerged to assist in the analysis and visualization of multiparameter 
cytometry data (10–12). One powerful tool that has been developed using non-lin-
ear dimensionality reduction is t-distributed stochastic neighbor embedding (tSNE)
(13,14). tSNE maps are 2D scatter plots allowing the visualization of the high di-
mensional similarities of cells based on the markers that they express. Each dot on 
the tSNE map represents an individual cell and the proximity of cells is a reflection 
of the number of shared features in the high-dimensional space. In brief, the tSNE 
computational process develops as follows: first, a pairwise similarity matrix for all 
data points is calculated based on their high dimensional proximities. Next, there 
is the calculation of a low-dimensionality similarity matrix based on initially ran-
dom locations for each cell in the 2 tSNE dimensions. Finally, in an iterative process, 
the algorithm minimizes the differences between the two similarity matrices men-
tioned above, adjusting the position of every cell in the 2D space of the tSNE map 
(10,14,15). As such, tSNE maps can be useful for the interpretation of alterations in 
surface protein expression, such as immune checkpoints, measured by flow cytom-
etry. Therefore, in this study we used tSNE to analyze and visualize the results of a 
multi-parameter flow cytometry panel with 8 different surface markers comprising 
CD3, CD4, CD45RA, CD25, CD28, CTLA-4, PD-1, and VISTA to detect phenotypical 
changes based on IC molecule expression byCD4+ T cells of GCA patients at time of 
diagnosis and during follow-up. 

ThesisRHC.indd   161 12/27/19   4:43 PM



IC expression by circulating Th cells in GCA: tSNE analyses

162

Methods

Study Population

For the cross-sectional study, fresh blood samples were obtained from 10 GCA pa-
tients. Five of them were newly-diagnosed patients and the remaining five were 
GCA patients in remission and free of glucocorticoid (GC) treatment. GCA diag-
nosis was either confirmed by a positive TAB and/or positive 18F-fluorodeoxyglu-
cose-positron emission tomography-computed tomography (FDG-PET/CT). Remis-
sion was defined based on the absence of clinical signs and symptoms and normal 
erythrocyte sedimentation rate (ESR) (<30 mm/hr) and/or C-reactive protein (CRP) 
<5mg/L. As controls, we obtained fresh blood samples from 5 sex- and age-matched 
healthy controls (HCs) who were screened for past or actual morbidities and phar-
macological treatments (Table 1).

          Three of the above mentioned newly-diagnosed GCA patients (2 females, 1 
male) were also included in the follow-up study. Additional samples were measured 
at 2 weeks, 3 months, 6 months, 9 months and 1 year after start of treatment (base-
line, Table 2A) and compared to HC. All three patients were biopsy-proven GCA pa-
tients. Clinical characteristics such as erythrocyte sedimentation rate (ESR), C-reac-
tive protein (CRP), status of the disease (active/remission) and medication for each 
patient along the course of the disease are listed in Table 2B. Written informed con-

GCA: Giant Cell Arteritis. M: Male; F: Female; PET-CT: positron emission tomography-com-
puter tomography; TAB: temporal artery biopsy. *Active patients: newly diagnosed patients, 
not yet on treatment.
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sent was obtained from all study participants. All procedures were in compliance 
with the declaration of Helsinki. The study was approved by the institutional review 
board of the UMCG (METc 2012/375 for HC and METc 2010/222 for GCA patients).
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Staining for Surface Markers

EDTA anticoagulant tubes with fresh blood samples (10 mL) were collected and 
stained with the following monoclonal antibodies: anti-CD3, anti-CD4, anti-CD45RA, 
anti-CD25, anti-CD28, anti-CTLA-4, anti-CD279 (PD-1) and anti-VISTA (Table 3). Next, 
cells were fixed and erythrocytes were lysed using FACS Lysing solution (BD Biosci-
ences, Durham, NC, USA) according to instructions of the manufacturer. Samples 
were measured on a BD LSR-II flow cytometer. Data were collected for at least 1 X 
105 cells.

Visualization of flow cytometry data

Flow cytometry data were analyzed using FCS Express Software (DeNovo Software, 
Glendale, CA). tSNE was run using default FCS Express parameters (# of iterations= 
500, perplexity= 30, Θ= 0.5). All analyses were run on equal numbers of events per 
sample (50,000). In each figure, all samples were derived from the same tSNE run. 
For the cross-sectional analyses, individual flow cytometry files from 5 GCA active 
patients, 5 GCA patients in remission and 5 HC were concatenated into single flow 
cytometry files from which spatially distinct populations could be identified. For 
the follow-up analyses, individual flow cytometry files from 3 GCA patients (Table 
2A) that were monitored along the course of the disease for 2 weeks, 3 months, 
6 months, 9 months and 1 year (Table 2B) were concatenated into single flow cy-
tometry files. Scales on the heat maps are individually generated for each surface 
marker representing low to high expression. Color levels were calculated based on 
the data, and thus automatically defined by the software. 
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Results

Cross-Sectional Data

tSNE analysis allows clear visualization of the CD4+ T cell population and subsets.

To visualize CD4 subsets in patients and controls, two dimensional tSNE plots were 
generated (Figure 1). Starting with the lymphocyte population and using the mark-
ers CD3 and CD4, a distinct CD4+ T cell cluster could readily be identified (Figure 
1A). To zoom in on the CD4+ T cell population only, a new tSNE map was generat-
ed. In this second tSNE map, activated CD4+ T cells and both the CD4+ naïve and 
memory compartments could be identified based on the expression of CD25 and 
CD45RA, respectively (Figure 1B).

Figure 1. Analysis of Lymphocytes and CD4+ T cells of GCA patients and healthy controls. 
(A) tSNE maps showing concatenated flow cytometry files for lymphocyte count, CD3 and 
CD4 for the identification of CD4+ T cells. CD4+ T cells were gated based on medium to high 
expression of CD3 and high expression of CD4. To focus on CD4+ T cells, the CD4+ T cell 
population was gated (indicated by the black line) and further analyzed for counts (indicated 
by arrow) and CD25 and CD45 RA expression. (B) tSNE maps of all samples of CD4+ T cells 
count, CD25 and CD45RA for the identification of memory and naïve subsets. (All samples= 
HC, Active GCA and Remission GCA). HC, n= 5; GCA active patients, n=5; GCA patients in re-
mission, n=5. Analysis was run on an equal number of events per sample (50,000). Scales on 
the heat maps are individually generated for each parameter from low to high expression. 
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tSNE analysis allows visualization of immune checkpoint expression on different 
CD4+ T cell subsets
 
To visualize IC on CD4+ T cells of GCA patients with active disease, GCA patients in 
remission and healthy controls, tSNE plots were generated showing the expression 
ranges of CD28, CTLA-4, PD-1 and VISTA (Figure 2). The data reveal differences in 
patterns of expression between patients with active disease and patients in remis-
sion. While CD28 and CTLA-4 are expressed by all CD4+ T cells in active GCA pa-
tients, the expression of CD28 and CTLA-4 appears to shift toward the CD4+ CD25 
high CD45RA- subset in GCA patients in remission (Figure 2). Interestingly, using tra-
ditional gating strategies, CD25high CD45RA- cells are regarded as (memory) regu-
latory T cells (Tregs). On the other hand, expression of PD-1 and VISTA in active GCA 
is somewhat increased throughout the total CD4+ T cell population when compared 
to HC. In GCA patients in remission, expression levels of PD-1 and VISTA molecules 
are similar to those in HC but seem also to shift to the CD25 high CD45RA- popu-
lation (Figure 2). In any case, none of the patterns of expression of IC molecules in 
GCA patients in remission returned to the expression patterns seen in HCs.

Follow-up data

tSNE allows visualization of phenotypical changes during the course of the 
disease.

We next applied tSNE analyses to the data of three GCA patients of which follow-up 
data from the multi-panel flow cytometric analyses were available. As demonstrat-
ed in Figure 3, differences in cell counts and expression of IC markers during the 
1-year follow-up period became immediately apparent. 

          In Figure 3A, CD4+ T cell tSNE maps of cell counts and expression of the mark-
ers CD25 and CD45RA within the CD4+ T cells are depicted of all samples combined. 
A hallmark of cellular activation is the upregulation of CD25, the alpha chain of 
the IL-2 receptor. CD25 is upregulated within 24 hours of stimulation of the TCR/
CD3 complex and remains elevated for a few days (16,17). Activated cells as well 
as the naïve/memory CD4+ T cell compartments are visualized on the middle and 
right tSNE maps, respectively. As expected, activated CD25+ memory cells do not 
express CD45RA as these cells will express the CD45RO splice variant. In Figure 3B, 
tSNE maps are shown visualizing CD4+ T cell counts and expression of IC in the 
CD4+ compartment during the course of the disease. The first parameter depicted 
is the total CD4+ T cell count showing marked alterations during follow-up. CD4+ T 
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cells counts are greatly decreased at 2 weeks after start of therapy but, over time, 
gradually reappear with cell counts being normalized by approximately month 9 
after diagnosis. This pattern of differential CD4+ T cell counts most likely reflects 
the effect of the standard GC treatment regimen of GCA patients consisting of initial 
high dose GC treatment (40-60 mg prednisolone per day) followed by gradual GC 
dose tapering (Table 2B). As a consequence, T cell expressed IC molecules are also 
notably suppressed (18).

          Of the IC molecules, CD28 seems to have a good ability to recover from GC 
treatment showing reduced expression at 2 weeks but gradual normalization of ex-
pression from 3 months onwards. Likewise, for PD-1, it appears that at 2 weeks, it 
is hardly expressed whereas after 3 months (average prednisolone dose 7.5-15 mg 
per day), expression of PD-1 becomes visible again. By the end of the follow-up pe-
riod (average prednisolone dose 4.75-7.5 mg per day), medium to high expression 
of CD28 as well as PD-1 is evident. Finally, expression of both VISTA and CTLA-4 in 
CD4+ T cells of GCA patients was low at the time of diagnosis and their expression 
levels remained low during the follow-up period. 
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Figure 2: Immune checkpoint visualization on CD4+ T cells of GCA patients with active dis-
ease, GCA patients in remission and in healthy controls. tSNE maps showing concatenated 
flow cytometry files and separate files of cell count, CD28, CTLA-4, PD-1 and VISTA expres-
sion on CD4+ T cells of healthy controls, active GCA and remission GCA patients. Arrow1 
indicates CD25high CD45RA- CD4+ T cells of remission patients and arrow2,3 indicate small 
distinct cell populations identified with tSNE analysis. (All samples= HC, Active GCA and Re-
mission GCA). HC, n= 5; GCA active patients, n=5; GCA patients in remission, n=5. Analysis 
was run on an equal number of events per sample (50,000). Scales on the heat maps are 
individually generated for each parameter from low to high expression. 

tSNE analysis allows identification of distinct small cell populations in 
GCA patients

Small but distinct populations of cells could be identified in both the tSNE analyses 
of the cross-sectional and follow-up data. In the cross-sectional tSNE analysis, in 
Figure 2, two small cell populations in active GCA patients can be distinguished, the 
first one expressing relatively high levels of CD28 and CTLA-4 but intermediate to 
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low levels of PD-1 and VISTA. In contrast, the second distinct population express-
es relatively high levels of PD-1 and VISTA but intermediate to low levels of CD28 
and CTLA-4. These two populations are absent in both HC and in GCA patients in 
remission. For the follow-up data presented in Figure 3, one small but discrete cell 
population expressing relatively high levels of CD28 and intermediate to low levels 
of PD1 and VISTA but no CTLA-4 appeared at 6 months after diagnosis. 

Figure 3. Immune checkpoint visualization on CD4+ T cells of GCA patients from time of 
diagnosis (baseline) up until one year. (A) tSNE maps of all samples of CD4+ T cells count, 
CD25 and CD45RA for the identification of memory and naïve subsets. (B) tSNE maps show-
ing separate flow cytometry files of count, CD28, CTLA-4, PD-1 and VISTA on CD4+ T cells of 
GCA patients at time of diagnosis (baseline) and several time points after time of diagnosis 
(2 weeks, 3 months, 6 months, 9 months and 1 year). The arrow indicates a small cell popu-
lation identified with tSNE analysis. (All samples = HC, Active GCA and Remission GCA). HC, 
n= 3; GCA patients, n=3. Analysis was run on equal number of events per sample (50,000). 
Scales on the heat maps are individually generated for each parameter from low to high 
expression. 
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          Taken together, tSNE analysis reveals a more comprehensive picture of IC ex-
pression by helper T cells of GCA patients at diagnosis, in remission and during fol-
low-up. The visualization of distinct subsets in different phases of disease and treat-
ment may prompt further investigation of these subsets and their functionality.
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Discussion

Characterization of alterations in surface protein expression on circulating immune 
cells during the disease course of GCA patients may aid our understanding of the im-
munopathology of the disease. Here we employed tSNE analysis on multiparameter 
flow cytometric data of circulating CD4+ T cells derived from active and remission 
GCA patients and HCs to visualize and compare expression of immune checkpoint 
molecules. Global cross-sectional comparisons between active GCA patients and 
patients in remission and between patients and healthy controls readily revealed 
differences in patterns of IC molecule expression. Moreover, patients in remission 
demonstrated a shift of all tested ICs expression to the CD25high CD45RA- CD4+ 
T cell subset. Of interest, by conventional analysis using manual gating, this latter 
subpopulation has been identified as regulatory T cells. Clearly, the functional con-
sequences of these changes remain to be investigated. 

Analysis of the follow-up data revealed a marked decrease in both CD4+ T cell counts 
as well as in the expression of IC by CD4+ T cells likely due to glucocorticoid treat-
ment. Indeed, the effect of GCs on CD4+ T cells is well-documented. In 2001, Leuss-
ink and colleagues showed that high- but not low-dose GCs have a strong apoptotic 
effect on CD4+ T cells in vitro and in vivo due to the inhibition of IL-2 signaling (18). 
Interestingly, tSNE analysis of the follow-up data enabled rapid identification of the 
immunosuppressive effects of GC treatment evidenced by reduced cell numbers 
as well as reduced marker expression at 2 weeks after time of diagnosis. After this, 
CD4+ T cell numbers slowly reappeared and normalized during the course of the 
disease. Of note, in our whole cohort, patients on long-term GC treatment tended 
to become lymphopenic, as especially their CD4+ T cell and B cell counts gradually 
lowered over time. 

          One major advantage of using computational tools to analyze high dimensional 
data is that it is unsupervised and unbiased, taking into consideration all surface 
markers included in the flow cytometry panel. This enables the identification of 
rare cell subpopulations which would have been unnoticed when using traditional 
biaxial analysis based on manual gating. Here, using cross-sectional data, two dis-
tinct immune populations could be identified in active GCA patients that were not 
present in GCA patients in remission or in healthy controls. In addition, analysis of 
the GCA follow-up data revealed a rare subpopulation of CD4+ T cells arising at 6 
months after treatment. Further detailed investigation (i.e cell sorting experiments) 
of these intriguingly distinct CD4+ T cell subpopulations identified by tSNE analysis 
could provide clues to their role in disease development or progression. 
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          A limitation of our study is that the antibody panel used for flow cytometry was 
not specifically designed to be analyzed by the tSNE algorithm. We initially built the 
panel to be analyzed by traditional manual gating. However, due to the vast amount 
of data gathered by multiparameter flow cytometry, we decided to aid our analysis 
with the tSNE algorithm. In retrospect, a recommendation for using the tSNE algo-
rithm is to design a flow cytometry panel which includes all molecules of interest 
allowing the analysis and visualization of various immune cell populations at once. 
Another clear limitation of our study is the low number of patients included in the 
follow-up analyses which precludes drawing firm conclusions on phenotypic chang-
es of CD4+ T cells during the disease course in GCA patients. As such, our analysis 
should be seen as a first step in the application of advanced computational analy-
ses methods in the interpretation and visualization of flow cytometry data in GCA. 
Nevertheless, these preliminary data already show clear differences in patterns of 
expression between active and remission patients and between patient groups and 
healthy controls that warrant further investigation. Furthermore, the effect of GC 
treatment on CD4+ T cell numbers in all patients was already clearly visible by the 
tSNE analysis.

          To our knowledge, this is the first study demonstrating the potential power of 
using the tSNE algorithm for a more comprehensive analysis of potentially patho-
genic CD4+ T cell subsets in active and remission GCA patients and how these are 
affected upon treatment. It should be appreciated that currently, we are in a transi-
tion period in which the collaboration between immunologists and computational 
scientists has begun to unleash the potential to deepen our understanding of the 
multiple alterations in the immune system during disease development. Manual 
gating will continue to be useful in simple flow cytometry panels including up to 6-8 
markers to test initial hypotheses. However, as experiments and theories become 
more complex, computational tools such as tSNE algorithms will provide a faster 
and unbiased method to analyze and visualize high dimensional flow cytometry 
datasets.

ThesisRHC.indd   172 12/27/19   4:43 PM



IC expression by circulating Th cells in GCA: tSNE analyses

173

References

1.  Samson M, Corbera-Bellalta M, Audia S, Planas-Rigol E, Martin L, Cid MC, et 
al. Recent advances in our understanding of giant cell arteritis pathogenesis. Auto-
immun Rev [Internet]. 2017 Aug;16(8):833–44. Available from: https://linkinghub.
elsevier.com/retrieve/pii/S1568997217301386

2.  van der Geest KSM, Sandovici M, van Sleen Y, Sanders JS, Bos NA, Abdula-
had WH, et al. Review: What Is the Current Evidence for Disease Subsets in Giant 
Cell Arteritis? Arthritis Rheum. 2018. 

3.  Mohan S V, Liao YJ, Kim JW, Goronzy JJ, Weyand CM, Liao JY, et al. Giant 
cell arteritis: immune and vascular aging as disease risk factors. Arthritis Res Ther 
[Internet]. 2011 Aug 2 [cited 2018 Sep 13];13(4):231. Available from: http://arthri-
tis-research.biomedcentral.com/articles/10.1186/ar3358

4.  Raptopoulou AP, Bertsias G, Makrygiannakis D, Verginis P, Kritikos I, Tzardi 
M, et al. The inhibitory pathway PD-1/PD-1 ligands is upregulated in rheumatoid 
synovium and regulates peripheral T cell responses in human and murine arthritis. 
Arthritis Rheum [Internet]. 2010 Apr 6;62(7):n/a-n/a. Available from: http://doi.wi-
ley.com/10.1002/art.27500

5.  Bertsias GK, Nakou M, Choulaki C, Raptopoulou A, Papadimitraki E, Gouliel-
mos G, et al. Genetic, immunologic, and immunohistochemical analysis of the pro-
grammed death 1/programmed death ligand 1 pathway in human systemic lupus 
erythematosus. Arthritis Rheum. 2009;60(1):207–18. 

6.  Trabattoni D, Saresella M, Pacei M, Marventano I, Mendozzi L, Rovaris M, et 
al. Costimulatory pathways in multiple sclerosis: distinctive expression of PD-1 and 
PD-L1 in patients with different patterns of disease. J Immunol. 2009;183(8):4984–
93. 

7.  Fife BT, Bluestone JA. Control of peripheral T-cell tolerance and autoimmuni-
ty via the CTLA-4 and PD-1 pathways. Immunol Rev [Internet]. 2008 Aug;224(1):166–
82. Available from: http://doi.wiley.com/10.1111/j.1600-065X.2008.00662.x

8.  Wilde B, Hua F, Dolff S, Jun C, Cai X, Specker C, et al. Aberrant expression of 
the negative costimulator PD-1 on T cells in granulomatosis with polyangiitis. Rheu-
matol. [Internet]. 2012 Jul 1;51(7):1188–97. Available from: https://academic.oup.
com/rheumatology/article-lookup/doi/10.1093/rheumatology/kes034

9.  Zhang H, Watanabe R, Berry GJ, Vaglio A, Liao YJ, Warrington KJ, et al. Im-
munoinhibitory checkpoint deficiency in medium and large vessel vasculitis. Proc 
Natl Acad Sci {USA} [Internet]. 2017;201616848. Available from: http://www.pnas.
org/lookup/doi/10.1073/pnas.1616848114

ThesisRHC.indd   173 12/27/19   4:43 PM



IC expression by circulating Th cells in GCA: tSNE analyses

174

10.  Mair F, Hartmann FJ, Mrdjen D, Tosevski V, Krieg C, Becher B. The end of 
gating? An introduction to automated analysis of high dimensional cytometry data. 
Eur J Immunol [Internet]. 2016 Jan;46(1):34–43. Available from: http://doi.wiley.
com/10.1002/eji.201545774

11.  Saeys Y, Gassen S, Lambrecht BN. Computational flow cytometry: help-
ing to make sense of high-dimensional immunology data. Nat Rev Immunol. 
2016;16(7):449–62. 

12.  Chester C, Maecker HT. Algorithmic Tools for Mining High-Dimensional Cy-
tometry Data. J Immunol. 2015. 

13.  Maaten L van der, Hinton G. Visualizing Data using t-SNE. J Mach Learn Res. 
2008. 

14.  Amir EAD, Davis KL, Tadmor MD, Simonds EF, Levine JH, Bendall SC, et al. 
ViSNE enables visualization of high dimensional single-cell data and reveals pheno-
typic heterogeneity of leukemia. Nat Biotechnol. 2013.

15.  Acuff N V, Linden J. Using Visualization of t-Distributed Stochastic Neighbor 
Embedding To Identify Immune Cell Subsets in Mouse Tumors HHS Public Access. 
J Immunol [Internet]. 2017 [cited 2019 Apr 18];198(11):4539–46. Available from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5890814/pdf/nihms953714.pdf

16.  Bajnok A, Ivanova M, Rigó J, Toldi G. The Distribution of Activation Markers 
and Selectins on Peripheral T Lymphocytes in Preeclampsia. Mediators Inflamm. 
2017. 

17.  Reddy M, Eirikis E, Davis C, Davis HM, Prabhakar U. Comparative analysis of 
lymphocyte activation marker expression and cytokine secretion profile in stimu-
lated human peripheral blood mononuclear cell cultures: An in vitro model to mon-
itor cellular immune function. J Immunol Methods. 2004. 

18.  Leussink VI, Jung S, Merschdorf U, Toyka K V., Gold R. High-dose methyl-
prednisolone therapy in multiple sclerosis induces apoptosis in peripheral blood 
leukocytes. Arch Neurol. 2001.  

ThesisRHC.indd   174 12/27/19   4:43 PM



ThesisRHC.indd   175 12/27/19   4:43 PM



ThesisRHC.indd   176 12/27/19   4:43 PM



Chapter 7
Summary, General Discussion and Future Perspectives

ThesisRHC.indd   177 12/27/19   4:43 PM



Summary, General Discussion and Future Perspectives

178

SUMMARY OF FINDINGS IN THIS THESIS

The ageing process contributes to immune system dysfunction making the elderly 
population more prone to suffer from cancer and autoimmune diseases including 
vasculitic disorders such as anti-neutrophil cytoplasmic autoantibody (ANCA) as-
sociated vasculitis (AAV) and giant cell arteritis (GCA). Characterization and under-
standing of alterations of the ageing immune system may clarify the mechanisms 
by which ageing-related disorders develop. Therefore, this thesis aimed to explore 
such alterations focusing on aberrant expression of immune checkpoint molecules 
on the surface of immune cells and its functional consequences in health and dis-
ease. 

          More specifically, this thesis aimed to first study the impact of age and sex on 
immune checkpoint (IC) molecule expression by circulating immune cells of healthy 
individuals. As a next step, this thesis interrogated the contribution of changes in IC 
molecule expression to the pathogenesis of age-related vasculitides AAV and GCA 
by zooming in on immune cell subsets important in disease pathogenesis such as 
neutrophils and CD4+ T cells. In chapter 2, expression levels of surface IC (i.e. VISTA, 
PD-1, CD40L, ICOS and CTLA-4) on circulating immune cells in fresh blood samples 
from healthy young (aged 20-31) and old donors (aged 54-86) were analyzed and 
compared not only between young and old but also between men and women. 
The kinetics of IC expression on circulating T cells was analyzed after stimulation 
in vitro and compared between the different age and sex groups. We showed that 
PD-1 expression by circulating CD4+ T cells is affected by both age and gender. PD-1 
expression frequencies within memory CD4+ T cells are decreased upon ageing 
and appear to be especially lowered in elderly females when compared to elderly 
males. Given the importance of T and B intercellular communication in the ageing 
immune system, we investigated IC molecules involved in T-B cell interaction (i.e 
CD40L and ICOS) and how these are modulated by age and sex. We showed that 
CD40L is increased in CD4+ and CD8+ T cells of elderly donors compared to younger 
individuals. In addition, there was an age-associated decline of ICOS by CD8+ T cells 
but not CD4+ T cells. The kinetics of IC expression revealed differences in magnitude 
between CD4+ and CD8+ T cells but did not seem to be affected by age and sex. 
Overall, we found that IC molecule expression by T cells is influenced by both age 
and sex. The decrease in frequencies of PD-1+ CD4+ memory T cells in elderly wom-
en only, warrants further research towards optimization of IC therapy and safety to 
prevent the development of immune related adverse events (irAEs).
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          To illustrate the importance of IC molecules in the development of vasculit-
ides, we present a case report from our hospital in chapter 3 describing a mela-
noma patient treated with immune checkpoint inhibitors (ICI) who subsequently 
developed GCA. This case report demonstrates that ICI therapy may amplify cellular 
responses in susceptible individuals which can cause irAEs, in this case large-vessel 
vasculitis. In my thesis, I did not only focus on the more conventional IC molecules 
but I also investigated the role of VISTA, a recently described negative IC molecule 
which upon ligation suppresses T cell activation (1). Interestingly, mice genetically 
engineered to lack VISTA expression develop an age-related pro-inflammatory phe-
notype characterized by spontaneous T-cell activation (2). This observation implies 
that aberrant VISTA expression or function may contribute to pathogenic T cell me-
diated immune responses in age associated autoimmune disorders such as GPA and 
GCA. In chapter 4, we compared the frequencies of circulating VISTA positive leuko-
cytes between GPA patients in remission and healthy controls. We found increased 
frequencies of VISTA expressing leukocytes in GPA patients compared to healthy 
individuals. Although the functional consequences of this observation remain to be 
elucidated, our results show that neutrophils express higher levels of VISTA follow-
ing priming with TNF-α in vitro. In addition, preliminary results from co-cultures of 
autologous CD4+ T cells and neutrophils showed that unprimed neutrophils from 
GPA patients exert a higher suppressive effect on CD4+ T cells than those of HC. 
Possible explanations for this observation could be that neutrophils of GPA patients 
have already undergone in vivo TNF-α-priming or that this suppressive effect is due 
to the increased frequencies of VISTA positive neutrophils in the circulation of GPA 
patients in remission. Clearly, additional knowledge on VISTA in health and disease 
is needed to better understand the consequences of its increased expression on 
leukocytes in GPA patients. 

          CD4+ T cells are considered major players in GCA pathogenesis. In order to 
investigate the possible added contribution of VISTA to the dysregulation of CD4+ 
T cell responses in GCA, we first determined the expression of VISTA and other IC 
molecules on circulating monocytes and CD4+ T cells of GCA patients and infiltrat-
ing immune cells in temporal artery biopsies of GCA patients in chapter 5. Our data 
showed higher numbers of VISTA+, PD-1+ and PD-L1+ infiltrating cells in temporal 
artery biopsies of GCA patients suggesting a futile attempt to decrease immune 
activation and prevention of further damage. Since especially Th1 and Th17 cells 
are deemed important in the pathogenesis of GCA, we also determined the effect 
of VISTA-Ig engagement on CD4+ T cell subset lineage differentiation in vitro. Our 
results revealed a functional role of VISTA in GCA pathogenesis by showing that 
decreased expression of VISTA may facilitate development of pathogenic Th1 and 

ThesisRHC.indd   179 12/27/19   4:43 PM



Summary, General Discussion and Future Perspectives

180

Th17 cells in GCA. In addition, we found that VISTA favors T follicular helper (Tfh) 
cell differentiation. The role of Tfh cells in ageing and in GCA remains to be further 
studied.

          The analysis of the expression and dynamics of different IC molecules on the sur-
face of several immune cells resulted in complex high-dimensional datasets which 
are not easy to analyze and interpret by traditional analysis methods. In chapter 
6, we used a relatively new computational tool namely the t-distributed stochastic 
neighbor embedding (t-SNE) algorithm to visualize high-dimensional datasets (3). 
tSNE analysis enabled visualization of immune checkpoint expression on immune 
cells of our cross-sectional and follow-up GCA patients. Interestingly, tSNE analysis 
also enabled the identification of rare cell subpopulations which would have been 
unnoticed when using traditional manual gating. More specifically, we identified 
distinct immune populations in active GCA patients that were not present in GCA 
patients in remission or in healthy controls. Further detailed investigation of these 
rare sub-populations could perhaps provide clues to disease mechanisms. This 
study should be seen as a first step in the application of advanced computational 
analyses methods in the interpretation and visualization of multidimensional flow 
cytometry data in GCA. 

IMPLICATIONS OF FINDINGS AND FUTURE PERSPECTIVES
The research described in this thesis revealed a functional role of VISTA in GCA 
pathogenesis and provided some clues regarding the involvement of this negative 
IC molecule in GPA. Clearly, additional research is warranted on the mechanism by 
which VISTA exerts its suppressive effects. Moreover, I encourage further research 
addressing the following questions:

Should future autoimmunity studies be stratified according to age and gender?
The female population is predominantly affected by autoimmune diseases (4,5). 
Although the underlying mechanisms are still not clear, research indicates that dif-
ferences in levels of sex hormones may contribute to the higher incidence of auto-
immune diseases such as SLE, Sjögren’s syndrome and rheumatoid arthritis in fe-
males (4,5). Estrogen levels decrease after menopause and the low estrogen levels 
can induce the production of pro-inflammatory cytokines such as TNF-α and IL-1β 
(5,6) making females more prone to develop age-related autoimmune disorders 
such as GCA. Other factors such as reproductive function, pregnancy and epigenetic 
influences could also explain female gender predisposition to autoimmunity (4,5). 
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          Although there is a less clear association between age and the development 
of autoimmunity for some diseases like SLE, evidence shows that the immune sys-
tem becomes more susceptible to develop (auto) immune-related disorders during 
ageing such as vasculitis. The latter may be a consequence of chronic low-grade 
inflammation in addition to the shifting balance from anti-inflammatory protective 
factors towards pro-inflammatory damaging factors. Despite the increase in knowl-
edge on the immuno-pathology of age-related diseases, we are not yet able to pre-
vent those diseases and clearly further research is warranted to identify targetable 
features induced by ageing (7). 

          This thesis demonstrates that IC molecule expression by healthy T cells is 
influenced by both age and sex. In addition, we showed that healthy elderly fe-
males have decreased frequencies of PD-1+ CD4+ T cells. Moreover, we showed 
that IC molecules involved in T-B cell interaction and autoantibody production such 
as CD40/CD40L and ICOS/ICOSL were also affected by age. Taken together, a reason-
able suggestion would be that future studies on the development of autoimmune 
and age-related disorders should take both age and gender into account in order 
to be able to draw more accurate conclusions relevant to sex and age and thus 
contribute to personalized medicine. Moreover, clinical trials testing drugs for im-
mune-mediated diseases should dedicate more resources to study specifically the 
more susceptible populations such as the elderly and, in some cases, like in autoim-
mune disorders, the female population.

Do age-related alterations in the immune system increase the risk of develop-
ing autoimmunity for patients undergoing cancer immunotherapy with immune 
checkpoint inhibitors?
The immune system of an elderly person is likely to demonstrate age-associated 
changes that may include alterations in signaling pathways that in turn may influ-
ence the function of effector and regulatory T cells increasing the likelihood of T cell 
aberrant behavior. Within the T cell compartment, such changes include reduced 
proliferative potential, accumulation of CD28-negative T cells, reduced TCR diversity 
and signal transduction, increased expression of inhibitory receptors (i.e. CTLA-4, 
PD-1 and LAG-3), reduced numbers of naïve cells (especially CD8), and increased 
numbers of memory T cells and regulatory T cells (8–10). In addition, expression 
and function of immune checkpoints may be altered due to the chronic, low-grade 
inflammation which potentially may lead to different responses to ICI treatment 
in the elderly compared to younger patients evaluated in clinical trials (11). Re-
cently, our group demonstrated enhanced expression of PD-1 and other activation 
markers by CD4+ T cells of young but not old patients with metastatic melanoma. 
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In this study, circulating CD4+ T cells in young patients with metastatic melanoma 
were shown to be strongly activated in comparison to relatively dormant CD4+ T 
cells of old melanoma patients (12). Such subtle differences between young and old 
patients might contribute to unfavorable behavior regarding ICI treatment in the 
elderly. Further research is needed to understand the link between age-related cel-
lular and molecular changes and their potential influence on DC and T cell pathways 
involved in immune responses leading to the development of cancer or autoimmu-
nity and more specifically, in immune responses to ICI treatment. In a recent review, 
Daste and colleagues assessed safety and efficacy of ICI therapies in elderly patients 
from several clinical trials. Regarding safety, the extracted data showed that young 
and old patients had similar tolerance to the ICI therapy. Concerning efficacy, the 
results from the extracted data seemed to be different between young and elderly 
patients according to the type of cancer; in some cases less efficacy was reported 
in the elderly. However, the elderly population is underrepresented in most clinical 
trials and more research is needed (11). 

The link between age-related alterations in the immune system and an increased 
risk of autoimmunity due to ICI therapy is not clear. However, with the increasing 
use of ICI treatment, the accompanying incidence of immunotoxicity and autoim-
munity will have to be monitored closely especially in challenging populations such 
as patients with autoimmune disorders, immune-compromised patients and elder-
ly individuals. This thesis provided information on the impact of age and sex on IC 
molecule expression by immune cells of healthy individuals showing that elderly 
women often present a decrease in PD-1+ CD4+ T cells. Since PD-1 blockade has 
been associated with increased Th1 and Th17 responses in cancer patients (13), a 
recommendation would be that IC therapy should be specifically tailored to individ-
ual patients in order to prevent autoimmunity especially in elderly women.

Could targeting VISTA be a new therapeutic strategy to treat age-related, auto-im-
mune vasculitides?
Aberrant immune checkpoint expression has been reported in several auto-im-
mune diseases with most studies focusing on the inhibitory PD-1/PD-L1 and CTLA-4 
checkpoint pathways (14–16). For instance, in RA, the PD-1 pathway was found to 
be up-regulated in the synovium of patients with active RA and demonstrated to be 
able to regulate T cell responses (14). In SLE, decreased regulation of PD-1 expres-
sion and function was found to be the result of both a single-nucleotide polymor-
phism (SNP) in the PD1 gene (PD1.3) as well as the inflammatory environment char-
acterized by high levels of inflammatory cytokines and complexes of self DNA with 
autoantibodies (15,17,18). Moreover, in MS, the PD-1/PD-L1 pathway was found 
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to play an important role in modulating disease activity as increased expression 
together with higher IL-10 production, lower proliferation and increased apoptosis 
of myelin basic protein-specific cells have been associated with disease remission 
in MS patients (16). 
           Particularly for vasculitides, data on immune checkpoint expression and func-
tion is limited. Two studies assessing the expression of CTLA-4 and PD-1 on T and 
B cells of GPA patients have documented increased expression of both inhibitory 
checkpoint molecules (19,20). Additional evidence pointing to a role for CTLA-4 in 
the regulation of GPA comes from a small, open-label, clinical trial conducted in 
non-severe relapsing GPA patients with abatacept, a fusion protein consisting of 
the ligand-binding domain of CTLA-4 coupled to a modified Fc domain derived from 
IgG1. In this study, the use of abatacept was associated with a higher frequency 
of disease remission and prednisone discontinuation (21). Moreover, Wilde and 
colleagues demonstrated that immune activation in GPA was associated with an 
increased expression of the negative immune checkpoint molecule PD-1 on circu-
lating T cells (20). Interestingly, in the aforementioned study, assessment of PD1 
expression in renal biopsies of GPA patients demonstrated that the majority of in-
filtrating T cells lacked expression of PD-1 suggesting that in the lesional microen-
vironment the PD1 pathway fails to suppress T cell responses (20). Furthermore, 
PD-1-mediated suppression of T cell activation in vitro was less potent using T cells 
from GPA patients than those from HCs despite increased expression levels of PD-1 
(20). 
          In GCA the relationship between modulation of IC expression and the dis-
tribution of Th cell subsets has been demonstrated using a humanized model of 
vasculitis. In this model, PD-1 blockade enhanced vascular inflammation and tissue 
production of IFN-ɤ and IL-17, the signature cytokines of Th1 and Th17 cells respec-
tively (22). In contrast, little is known about the role of VISTA in vasculitis. Regarding 
the participation of VISTA in innate immune responses, Li and colleagues employed 
an imiquimoid (IMQ)- induced murine model of psoriasis mediated by the IL-23/IL17 
axis resembling human psoriasis (23). Topical application of IMQ, a TLR7 agonist, 
resulted in skin inflammation due to the stimulation of DCs and IL-17-producing γδ 
TCR+ T cells. Moreover, Li et al. demonstrated that VISTA deficiency intensified in-
flammatory responses of DCs, IL-17-producing γδ T cells and CD4+ Th17 T cells (23). 
The IL-23/IL-17 inflammatory axis is crucial for the development of autoimmune 
and inflammatory disorders (24). In active GPA patients IL-17 and IL-23 cytokines 
have been reported to be increased together with PR3-specific Th17 cells. These 
two cytokines participate in the early stages of the development of GPA pathogen-
esis. After the activation of antigen presenting cells (APCs) by peptidoglycan and 
superantigens from S. aureus, the production of IL-23 skews and maintains the Th17 
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cell phenotype while IL-17 itself promotes the release of pro-inflammatory cyto-
kines TNF-α and IL-1β produced by macrophages (25). Of note, persistent activation 
of T cells, especially Th1 and Th17 cells, also occurs in GCA patients (26–30). In this 
thesis we provide further evidence for the role of VISTA in Th1, Th17 and Tfh lineage 
differentiation. Hence, involvement of VISTA regulating the IL-23/IL-17 inflammato-
ry axis in both GPA and GCA is likely to occur. 
          I therefore speculate that the increased VISTA expression seen on immune cells 
of GPA patients might be in part responsible for the induction of remission in GPA 
through the suppression of pathogenic Th cell responses. In addition, VISTA could 
be involved in the development of autoantibody-mediated effects in GPA. Previ-
ously, our group reported increased frequencies of IL-21-producing BCL-6+ CD4+ T 
cells in peripheral blood of ANCA-positive GPA patients (31). Given that increased 
VISTA expression failed to control Tfh lineage differentiation in GCA, increased fre-
quencies of VISTA positive cells in GPA patients in remission could play a role in 
controlling IL-21 expression by Tfh cells. Evidently, further investigation on the func-
tional consequences of the increased expression of VISTA observed in GPA patients 
is warranted. 
          In GCA we are the first to demonstrate that VISTA is involved in disease patho-
genesis. We demonstrated that decreased VISTA expression fails to control Th1, 
Th17 and Tfh lineage differentiation. This could mean that VISTA expression on the 
surface of these cells is insufficient to properly transmit the negative signal. This 
may also be true at the site of inflammation since vascular inflammation and occlu-
sion appear to be ongoing processes despite the increase of VISTA-expressing cells 
in the infiltrated layers of the vascular wall. In the future, additional knowledge on 
the function of VISTA and other IC molecules could translate into therapeutic ap-
proaches aimed to target VISTA and/or other (negative) IC molecules to halt exces-
sive immune activation in vasculitides and other (auto) immune-mediated diseases. 
          At present, the diagnostic tests and procedures used to enable an accurate 
diagnosis of vasculitis include blood and urine tests, imaging, angiography and biop-
sies. However, due to the subtle signs and symptoms presented by some patients, 
vasculitis continues to pose diagnostic and management challenges. A recommen-
dation for addressing vasculitis is to use novel techniques for immune monitoring 
with multiple-angle approaches. For instance, combining information from tissue 
material and whole blood material using automated analysis might facilitate mon-
itoring complex immune dynamics and the identification of novel subsets. This will 
allow the identification of disease state signatures and aid tailored care.
          In particular for VISTA, one of the main IC molecules studied in this thesis, 
future research should focus on the validation of the binding partner of VISTA, VSIG-
3, as proposed by Wang et. al (32). Further studies on the VSIG-3/VISTA pathway 
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may unveil additional clues on how to modulate this pathway and could lead to a 
potential target for immunotherapy to control autoimmune disorders. Currently, 
monoclonal antibodies and small molecules targeting VISTA in combination with 
other negative IC pathways are being tested in early-stage clinical trials for cancer 
treatment (33). It is of prime importance to take advantage of the outcomes of 
such clinical trials to better understand the effects of VISTA-targeted therapies with 
respect to the inflammatory cell types affected and the entailed secreted soluble 
mediators as possible biomarkers present in blood to monitor immune response. 
Once this information is better comprehended, it will allow to exploit and mold 
the effects rendered by the VISTA pathway, either by inhibiting or enhancing T cell 
activation.

Figure 1. Schematic representation of immune checkpoint molecule involvement in vas-
culitides. The role of immune checkpoint (IC) molecules in vasculitides is emphasized by 
the appearance of immune related adverse events (irAEs) (i.e development of GCA) follow-
ing immune checkpoint inhibitor (ICI) treatment. The immune system of Giant Cell Arteritis 
(GCA) patients is characterized by age-related changes such as altered intercellular com-
munication and overall chronic low-grade inflammation. In this thesis, we demonstrated 
that there is decreased VISTA expression by CD4+ T cells which facilitates Th1, Th17 and Tfh 
lineage differentiation in GCA. Additional knowledge on the function of VISTA could trans-
late in therapeutic approaches targeting negative immune checkpoint molecules to halt ex-
cessive immune activation seen in vasculitides.
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CONCLUSION

Broadening our understanding of the multiple alterations endured by the immune 
system while ageing may aid in advancing our knowledge on the development and 
progression of age-associated autoimmune diseases. In my thesis I focused on alter-
ations in surface protein expression, especially immune checkpoint molecules, on 
circulating immune cells of elderly individuals in health and disease. Among other 
findings, this thesis demonstrated that IC molecule expression by T cells is influ-
enced by both age and sex. In addition, the involvement of IC in vasculitis was em-
phasized by the presented case report of GCA development following ICI treatment. 
Most interestingly, this thesis unveiled an important role for the negative IC VISTA 
in the immunopathology of large-vessel vasculitis. Further investigation on the role 
of age, gender and IC molecules is warranted to improve treatment options for pa-
tients suffering from vasculitides. 
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NEDERLANDSE SAMENVATTING

Het afweersysteem of immuunsysteem heeft als taak om ons lichaam te bescher-
men tegen vreemde binnendringers zoals virussen en bacteriën. Om deze functie 
goed te kunnen uitoefenen beschikt het immuunsysteem over allerlei afweer mech-
anismen die worden aangezet wanneer er een infectie optreedt en over controle 
mechanismen die er voor zorgen dat de rust wederkeert wanneer de infectie is bes-
treden. Deze effector en controle mechanismen dienen nauwkeurig afgesteld te zijn 
om te voorkomen dat er schade optreedt aan de gezonde organen bij het opruimen 
van infecties door het afweer systeem. 

Echter, bij het ouder worden lijken de afweer en controle mechanismen in het im-
muunsysteem minder goed te functioneren met als gevolg dat oudere mensen over 
het algemeen vatbaarder zijn voor infecties. Daarentegen neemt bij ouderen ook de 
gevoeligheid voor het ontwikkelen van auto-immuunziekten toe waarbij de afweer 
zich keert tegen het eigen lichaam en gezonde organen aangetast raken. Dit betreft 
onder andere vormen van bloedvatontstekingen (vasculitis) zoals Reuscel Arteritis 
(RCA), waarbij met name de grote vaten worden aangedaan,  en vasculitis geas-
socieerd met anti-neutrofiele cytoplasmatische autoantistoffen (AAV) waarbij met 
name de kleine bloedvaten ontstoken raken.

Het uitgangspunt van de studies beschreven in dit proefschrift was dat het beter 
begrijpen van de afwijkingen in de controle mechanismen van het immuunsysteem 
tijdens veroudering bijdraagt aan een beter inzicht in het ontstaan van verouder-
ings-gerelateerde aandoeningen. In dit kader heeft dit proefschrift zich met name 
gericht op de grote vaten en kleine vaten vasculitis. Meer specifiek hebben deze 
studies zich geconcentreerd op veranderingen in expressie van zogenaamde im-
muun ‘checkpoint’ eiwitten. Immuun checkpoint (IC) eiwitten bevinden zich met 
name op het oppervlak van immuun cellen en zijn cruciaal bij zowel het reguleren 
van effector dan wel controle mechanismen binnen het immuunsysteem. Er besta-
an twee typen IC eiwitten, stimulerende IC eiwitten  en remmende IC eiwitten. De 
balans tussen stimulerende en remmende IC eiwitten bepaalt voor een belangrijk 
deel of een immuun cel actief wordt of tot rust komt. De studies beschreven in dit 
proefschrift hebben onderzocht hoe de expressie van deze IC eiwitten op immuun 
cellen verandert in gezonde personen in relatie tot leeftijd en geslacht. Daarnaast is 
onderzocht of vasculitis patiënten een afwijkend expressie patroon van IC eiwitten 
vertonen en wat daar mogelijk de functionele gevolgen van zijn in de context van 
het ziekte proces.   
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In hoofdstuk 2 is onderzocht wat de impact is van leeftijd en geslacht op de expres-
sie van IC eiwitten op immuun cellen in het bloed. Hiervoor werd, gebruikmakend 
van verse bloedmonsters van gezonde jongeren (leeftijd tussen de 20-31 jaar) en 
ouderen (leeftijd tussen de 54-86 jaar), de expressie van IC eiwitten op circulerende 
immuun cellen bepaald en vergeleken tussen jongere en oudere donoren en tussen 
vrouwen en mannen. Daarnaast werd de kinetiek van IC expressie op T cellen bep-
aald na in vitro stimulatie. Ook hier werd onderzocht of er verschillen zijn op basis 
van leeftijd en geslacht. De studies beschreven in hoofdstuk 2 toonden aan dat de 
expressie van het IC eiwit PD-1 door CD4+ T cellen (helper T cellen) beïnvloed wordt 
door leeftijd en geslacht. De frequentie van PD1+ geheugen CD4+ T cellen nam af 
met ouder worden en was met name lager in oudere vrouwen ten opzichte van 
oudere mannen. Omdat de cellulaire communicatie tussen B en T cellen van groot 
belang is voor de productie van antistoffen hebben we ook de IC eiwitten betrokken 
bij T-B cel interactie bestudeerd, te weten CD40L en ICOS. Deze studies lieten zien 
dat de expressie van CD40L is toegenomen op CD4+ en CD8+ T cellen van oudere 
donoren. Daarnaast zagen we een leeftijdsafhankelijke afname van ICOS expressie 
op CD8+ T cellen maar niet op de CD4+ T cellen.  

Concluderend hebben we gevonden dat de expressie van bepaalde IC eiwitten op 
T cellen wordt beïnvloed door leeftijd en geslacht. Als deze waarnemingen in ver-
volgstudies kunnen worden bevestigd heeft dit mogelijk implicaties voor het verder 
optimaliseren van huidige immunotherapie voor kanker die werkt via blokkade van 
IC eiwitten (zoals bijvoorbeeld anti-PD-1 blokkade).   

In hoofdstuk 3 wordt een casus beschreven van een melanoma patient die na be-
handeling met IC blokkade reuscel arteritis ontwikkelde. Deze casus illustreert dat 
IC immunotherapie cellulaire immuunresponsen dusdanig kan versterken dat dit, in 
individuen die hiervoor gevoelig zijn, kan leiden tot ernstige immuun gerelateerde 
bijwerkingen, in dit geval RCA. Daarnaast benadrukt deze casus het belang van deze 
eiwitten bij het reguleren van de afweer en vormde het de aanleiding voor een 
literatuur overzicht van de bestaande kennis omtrent de rol van IC eiwitten in de 
ontwikkeling van immuun-gemedieerde vasculitiden.

Naast de al bekende IC eiwitten heeft het onderzoek in dit proefschrift zich met 
name gericht op de mogelijke rol van een recent beschreven IC eiwit, genaamd 
V-domain Ig suppressor of T cell activation (VISTA), in de ontwikkeling van immu-
ungemedieerde vasculitiden. VISTA is in staat om de afweer af te remmen. Zo heb-
ben eerdere studies aangetoond dat VISTA bijdraagt aan het onderdrukken van T 
cel activiteit. Een interessant gegeven is dat VISTA deficiënte muizen, naarmate ze 
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ouder worden, een ontstekingsbevorderend fenotype ontwikkelen welke gekarak-
teriseerd wordt door spontane T cel activatie. Dit impliceert dat een afwijkende 
expressie of functie van VISTA mogelijk een rol zou kunnen spelen in de ontwik-
keling van leeftijdsgebonden auto-immuun aandoeningen zoals AAV en RCA. Om 
dit te onderzoeken hebben we in Hoofdstuk 4 de frequentie van circulerende VIS-
TA positieve immuun cellen in patiënten met GPA, een vorm van AAV, in remissie 
vergeleken met die in gezonde vrijwilligers. Hierbij vonden we dat de frequentie 
van VISTA positieve immuun cellen toegenomen is in GPA patiënten. Daarnaast 
konden we aantonen dat wanneer geïsoleerde neutrofielen werden gestimuleerd 
met het pro-inflammatoire cytokine TNF-α de expressie van VISTA op de membraan 
van deze cellen toeneemt. Om de functionele consequenties van VISTA expressie 
verder te kunnen onderzoeken hebben we experimenten uitgevoerd waarbij het 
effect van autologe neutrofielen op CD4+ T cel proliferatie werd onderzocht. De 
voorlopige resultaten van deze experimenten suggereren dat neutrofielen van GPA 
patiënten, in vergelijking met die van gezonde donoren, beter in staat zijn om T cel 
proliferatie te onderdrukken. Mogelijke verklaringen voor deze bevinding zijn dat 
de neutrofielen van GPA patiënten meer VISTA tot expressie brengen als gevolg van 
de ontstekingsbevorderende omgeving in deze patiënten of dat het aantal VISTA 
positieve neutrofielen in deze patiënten is toegenomen. Aanvullend onderzoek is 
echter noodzakelijk om de functionele consequenties van de toegenomen VISTA 
expressie op immuun cellen in GPA patiënten verder te ontrafelen.       

In het ziekteproces van RCA wordt een belangrijke rol toegedicht aan CD4+ T helper 
cellen waarbij met name de differentiatie naar ontstekingsbevorderende Th1 en 
Th17 belangrijk wordt geacht. Daarnaast wordt de activiteit van T cellen, zoals ee-
rder genoemd, in belangrijke mate gereguleerd door interacties van IC met andere 
IC eiwitten (natuurlijke liganden). Met dit in ons achterhoofd hebben we in Hoofd-
stuk 5 bestudeerd of VISTA mogelijk bijdraagt aan een dysregulatie van CD4+ T cel 
responsen in RCA. Om dit te onderzoeken hebben we in eerste instantie gekeken 
of de expressie van VISTA, en andere belangrijke IC eiwitten zoals PD1, op circuler-
ende monocyten en CD4+ T cellen van RCA patienten afwijkend was ten opzichte 
van gezonde donoren. Daarnaast is de expressie van IC eiwitten bepaald op infiltre-
rende immuun cellen in temporaal arterie biopten van RCA patiënten. Deze studies 
toonden aan dat de frequentie van VISTA en PD1  positieve CD4+ T cellen in het 
bloed is afgenomen terwijl in de temporaal biopten van RCA patiënten het aantal 
VISTA, PD-1 en PD-L1 (ligand voor PD-1) positieve cellen is toegenomen. Deze ob-
servaties suggereren dat tijdens het ontstekingsproces in de vaatwand het lichaam 
een poging doet om de schadelijk immuunreacties te remmen teneinde verdere 
weefselschade te voorkomen. 
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Om meer inzicht te krijgen in de functie van VISTA in de ontwikkeling van ont-
stekingsbevorderende T cel responsen in RCA hebben we in hoofdstuk 5 ook onder-
zocht wat het effect is van VISTA binding op T cel subset differentiatie in vitro. Geb-
ruikmakend van een VISTA-Ig fusie eiwit lieten deze studies zien dat in gezonde 
donoren VISTA de differentiatie naar Th1, Th17 en T follicular helper cellen (Tfh) 
onderdrukt. In patienten met RCA daarentegen bleek VISTA-Ig niet effectief in het 
onderdrukken van deze ontstekingsbevorderende T cel subsets. Deze resultaten im-
pliceren daarmee dat een afwijkende VISTA expressie of functie de ontwikkeling van 
pathogene Th1 en Th17 cellen in RCA patiënten bevordert. 

In de studies beschreven in dit proefschrift is veelvuldig gebruik gemaakt van flow 
cytometrie teneinde de expressie en expressie dynamiek van meerdere IC eiwitten 
op circulerende immuun cellen/ witte bloedcellen in kaart te brengen. Deze studies 
hebben een enorme hoeveelheid complexe data opgeleverd welke met traditio-
nele twee-dimensionale analyse technieken niet eenvoudig te interpreteren zijn. 
Om deze reden hebben we in hoofdstuk 6 gebruik gemaakt van een relatief nieu-
we analyse methode gebaseerd op een computer algoritme genaamd t-distributed 
stochastic neighbor embedding (t-SNE). Analyse met tSNE stelde ons in staat om 
veranderingen in IC eiwit expressie op immuun cellen in RCA patiënten tijdens acti-
eve ziekte en na behandeling te visualiseren. Een interessante bevinding hierbij was 
dat met behulp van tSNE discrete, maar in aantal zeer kleine, immuun cel populat-
ies zichtbaar werden die met traditionele analyse methodes hoogstwaarschijnlijk 
niet opgemerkt zouden zijn. Deze immuun cel populaties waren aanwezig in RCA 
patiënten met actieve ziekte maar niet in RCA patiënten in remissie of in gezonde 
individuen.  Echter, om te bepalen of dergelijke zeldzame immuun cel populaties 
een rol spelen in het ziekteproces is vervolgonderzoek noodzakelijk. De analyses 
beschreven in hoofdstuk 6  zijn dan ook slechts een eerste stap in het toepassen 
van geavanceerde rekenmodellen voor het beter inzichtelijk maken van complexe 
multi-dimensionele flow cytometrie data bij onderzoek ten behoeve van RCA 
patiënten.
 
Conclusie

Leeftijdsgebonden veranderingen in het immuunsysteem kunnen bijdragen aan de 
ontwikkeling van auto-immuun ziekten. Het is dan ook van belang deze veranderin-
gen in het immuunsysteem tijdens het verouderingsproces goed in kaart te bren-
gen. Hiermee hebben we gepoogd meer inzicht in de immunologische processen 
betrokken bij de ontwikkeling van leeftijdsgebonden auto-immuun ziekten zoals 
RCA en AAV te verkrijgen. De studies beschreven in dit proefschrift hebben zich met 
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name gericht op de expressie en functie van “immuun checkpoint’ (IC) eiwitten. 
Deze IC eiwitten zijn van essentieel belang zijn voor de afstemming van ons afweer 
systeem. De resultaten van deze studies laten zien dat de mate van expressie van IC 
eiwitten op circulerende immuun cellen beïnvloed wordt door leeftijd en geslacht 
en verandert gedurende het ziekteverloop in RCA en AAV patiënten. Meer in het 
bijzonder zijn er aanwijzingen gevonden voor een mogelijk belangrijke rol van het 
IC eiwit VISTA in de immunopathogenese van RCA. Vervolgonderzoek zal moeten 
uitwijzen of IC moleculen een mogelijk aangrijpingspunt zijn voor de behandeling 
van immuun-gemedieerde vasculitiden.     
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