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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. 
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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. 

ThesisRHC.indd   164 12/27/19   4:43 PM



IC expression by circulating Th cells in GCA: tSNE analyses

165

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.
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