
Early-to-mid idiopathic Parkinson’s disease shows a
more cytotoxic but declined CD8-regulatory
peripheral immune pro�le
Christophe Capelle 

Luxembourg Institute of Health
Séverine Cire 

Luxembourg Institute of Health
Maxime Hansen 

University of Luxembourg
Lukas Pavelka 

University of Luxembourg
Fanny Hedin 

Luxembourg Institute of Health
Maria Konstantinou 

Luxembourg Institute of Health
Dominique Revets 

Luxembourg Institute of Health
Vera Tslaf 

Luxembourg Institute of Health
Taina Marques 

University of Luxembourg
Alexandre Baron 

Luxembourg Institute of Health
Olivia Domingues 

Department of Infection and Immunity, Luxembourg Institute of Health
Ni Zeng 

Luxembourg Institute of Health https://orcid.org/0000-0003-2756-6074
Patrick May 

University of Luxembourg https://orcid.org/0000-0001-8698-3770
Antonio Cosma 

Luxembourg Institute of Health https://orcid.org/0000-0002-3686-8034
Rudi Balling 

Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Esch-sur-Alzette
https://orcid.org/0000-0003-2902-5650

https://doi.org/10.21203/rs.3.rs-1834770/v1
https://orcid.org/0000-0003-2756-6074
https://orcid.org/0000-0001-8698-3770
https://orcid.org/0000-0002-3686-8034
https://orcid.org/0000-0003-2902-5650


Rejko Krüger 
Luxembourg Institute of Health

Markus Ollert 
Department of Infection and Immunity, Luxembourg Institute of Health

Feng Hefeng  (  feng.he@lih.lu )
Luxembourg Institute of Health https://orcid.org/0000-0003-2657-7361

Article

Keywords: Parkinson’s disease, Peripheral immune system, CD8 TEMRA, CD8 regulatory T cells 27 (CD8
Treg), Systems immunology

Posted Date: July 22nd, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1834770/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

mailto:feng.he@lih.lu
https://orcid.org/0000-0003-2657-7361
https://doi.org/10.21203/rs.3.rs-1834770/v1
https://creativecommons.org/licenses/by/4.0/


Page 1 of 51 

 

Early-to-mid idiopathic Parkinson’s disease shows a more 1 

cytotoxic but declined CD8-regulatory peripheral immune profile 2 

Christophe M. Capelle1, 2, Séverine Ciré1, Maxime Hansen3, 4, Lukas Pavelka3, 4, Fanny Hedin5, Maria 3 

Konstantinou5, Dominique Revets5, Vera Tslaf1, 2, 6, Tainá Marques3, Alexandre Baron1, Olivia 4 

Domingues1, Ni Zeng1 ,2, Patrick May3, Antonio Cosma5, Rudi Balling3,7, Rejko Krüger3, 4, 6, Markus 5 

Ollert1, 8, Feng Q. Hefeng1 * 6 

 7 
1 Department of Infection and Immunity, Luxembourg Institute of Health (LIH), 29, rue Henri Koch, L-4354, 8 

Esch-sur-Alzette, Luxembourg 9 
2 Faculty of Science, Technology and Medicine, University of Luxembourg, 2, avenue de Université, L-4365, 10 

Esch-sur-Alzette, Luxembourg 11 
3 Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, 6, avenue du Swing, L-12 

4367, Belvaux, Luxembourg 13 
4 Parkinson Research Clinic, Centre Hospitalier de Luxembourg (CHL), 4, Rue Nicolas Ernest Barblé, L-1210, 14 
Luxembourg, Luxembourg 15 
5 National Cytometry Platform, Luxembourg Institute of Health, 29, rue Henri Koch, L-4354 Esch-sur-Alzette, 16 
Luxembourg 17 
6 Transversal Translational Medicine, Luxembourg Institute of Health, 1A-B, rue Thomas Edison, L-1445, 18 

Strassen, Luxembourg 19 
7  Institute of Molecular Psychiatry, University of Bonn, Venusberg-Campus 1, D-53127, Bonn, Germany 20 
8 Department of Dermatology and Allergy Center, Odense Research Center for Anaphylaxis (ORCA), 21 

University of Southern Denmark, Odense, 5000 C, Denmark 22 

* Corresponding author. Direct correspondence to feng.he@lih.lu 23 

 24 

Running title: Disturbed peripheral immune system in early-to-mid iPD 25 

 26 

Keywords: Parkinson’s disease; Peripheral immune system; CD8 TEMRA; CD8 regulatory T cells 27 
(CD8 Treg); Systems immunology. 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

mailto:feng.he@lih.lu


Page 2 of 51 

 

Abstract 39 

 40 

Parkinson’s disease (PD) is the second most common neurodegenerative disease. 41 

Brain neuroinflammation plays a role in PD pathogenesis. However, the involvement 42 

of the peripheral immune system has not been systematically investigated. Here we 43 

analyzed >700 combinatorial immunological features in fresh blood of 28 early-to-44 

mid-stage PD patients and 24 matched controls. We found an enhanced cytotoxic 45 

immune profile in idiopathic PD patients (iPD), with a higher frequency of terminally-46 

differentiated effector CD8 T (TEMRA), late-differentiated CD8+ natural killer T cells 47 

and neutrophils. This immune profile was intensified by elevated serum granzyme A, 48 

reduced percentages of CD8+FOXP3+ regulatory T cells and group 2 innate lymphoid 49 

cells with immunosuppressive or tolerance-inducing functions. The frequency of CD8 50 

TEMRA was negatively correlated with disease duration, suggesting a contribution to 51 

PD pathogenesis. Our work provides a comprehensive map on disturbed peripheral 52 

adaptive and innate immune cells in early-to-mid iPD, proposing easily-accessible 53 

candidates for early diagnosis and treatments. 54 

 55 

 56 

 57 

 58 

  59 
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Introduction 60 

 61 

Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzheimer’s 62 

disease (AD), affecting around 10 million people worldwide (Dorsey et al. 2007, Poewe et al. 2017). 63 

In addition to the neuron-autonomous mechanisms, activated microglia and neuro-inflammation in 64 

the brain of PD patients are also implicated in the pathogenesis of PD (Wang et al. 2015). At the 65 

same time, PD patients are characterized by altered levels of several circulating cytokines (Reale et 66 

al. 2009, Qin et al. 2016). Moreover, targeted studies of selected immune cells in the peripheral 67 

blood of participants found a reduction of CD4 T cells in PD patients versus healthy controls (Jiang 68 

et al. 2017). Not only total CD4 T cells, but also specific CD4 subsets, such as CD4 regulatory T 69 

cells (Treg), Th1 or Th17 (Kustrimovic et al. 2018, Sommer et al. 2018), have shown changes in PD 70 

patients. Nevertheless, the role of various CD4 subsets demonstrated in different cohorts is still 71 

controversial (Storelli et al. 2019). These inconsistent results urge the need to be further clarified. 72 

Emerging evidence strongly suggests the involvement of peripheral CD8 T cells in other 73 

neurodegenerative diseases, e.g., in Alzheimer’s disease (Gate et al. 2020). In PD, cytotoxic CD8 74 

T-cell infiltration has been reported in post-mortem brain tissues even before the α-synuclein (α-syn) 75 

aggregation and neuronal death, suggesting a potential role of CD8 T cells in initiating PD pathology 76 

(Galiano-Landeira et al. 2020). In addition, α-syn-specific T cells have been reported in the peripheral 77 

blood of PD patients (Sulzer et al. 2017) and were associated with pre-clinical and early PD 78 

(Lindestam Arlehamn et al. 2020). In a genetic-PD mouse model, the cytotoxic CD8 T-cell response 79 

against mitochondrial antigens caused PD-like motor symptoms (Matheoud et al. 2019). Another PD 80 

familial gene, LRRK2, regulates inflammation during infection of an animal model (Shutinoski et al. 81 

2019). We have recently shown that another key familial PD gene, DJ-1/PAKR7, also acts on T-cell 82 

compartments, as demonstrated in both human subjects and old mice (Zeng et al. 2022), by playing 83 

a causative role in regulating the peripheral immunoaging process (Deleidi et al. 2015), which might 84 

further contribute to the pathogenesis of PD. However, it still remains unknown whether any specific 85 

subset of T cells and/or other peripheral immune cells contribute to the pathogenesis of idiopathic 86 

PD (iPD), i.e., PD without a defined genetic risk. Since most PD cases cannot be associated with a 87 

genetic origin, it is burning to identify potential novel factors leading to iPD, such as disturbed 88 

peripheral immune signatures. 89 

Although one immune cell type usually acts in a coordinated fashion with other immune or stromal 90 

cells (Davis et al. 2017, Delhalle et al. 2018), most aforementioned studies investigating the 91 

peripheral immune system in PD have so far focused on the analysis of a few selected immune 92 

subsets following predefined hypotheses. Those hypothesis-driven studies cannot identify 93 

previously-unrecognized changes. Though a recent study has used unbiased single-cell RNA-seq 94 

analysis (Wang et al. 2021), that analysis was restricted to T cells. Furthermore, the conclusions of 95 
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that study were compromised by a very low, single-digit number of included PD patients and the lack 96 

of disease stage information. Meanwhile, the biomedical research community is still desperately 97 

seeking for easily-accessible validated peripheral cellular or molecular biomarkers that allow for the 98 

early diagnosis of PD [as reviewed here (Emamzadeh and Surguchov 2018, Parnetti et al. 2019)]. 99 

To address these challenging questions and unmet clinical needs, we applied a systems-100 

immunology approach to comprehensively analyze the peripheral immune system of early-to-mid 101 

stage PD patients and matched healthy controls (HC). By focusing on early-to-mid stage patients, 102 

we reasoned to have a higher probability to identify the peripheral immune cells that drive the 103 

initiation of the pathogenesis of PD, especially of iPD, rather than those responding secondary to 104 

the manifestation of pathological events in PD. 105 

 106 

Results  107 

 108 

Single-cell CyTOF analysis shows a more-cytotoxic and late-differentiated immune 109 
profile in early-to-mid stage iPD 110 

In this study, we systematically analyzed various immune subsets and their functional states in 28 111 

PD patients (25 iPD aged 60-70 years and three genetic PD patients with mutations in GBA or 112 

PINK1) and 24 matched healthy controls (HC) (refer to “cohort design” in Materials and Methods, 113 

Table S1 and S2 for more details; for simplicity, ‘PD patients’ were shortened as PD hereafter). This 114 

was realized by investigating 37 different innate and adaptive immune subsets and more than 700 115 

combinatorial T-cell features, using a 35-marker mass cytometry (also known as Cytometry by Time 116 

of Flight or CyTOF) panel and five panels of multiple-color flow-cytometry (FCM) composed of 33 117 

lineage and functional T-cell markers, respectively (Figure 1, 2A, Table S3 and S4). We recruited 118 

the participants from the ongoing nation-wide Luxembourg Parkinson’s study with more than 800 PD 119 

and 800 HC (Hipp et al. 2018) (https://parkinson.lu/research-participation/luxembourg-parkinsons-120 

study) and controlled for several major confounding factors, medications and comorbidities, known 121 

to affect the immune system, to ensure that our observations are PD-specific (for details, refer to 122 

Figure 1 and Table S1). Furthermore, we narrowed the patients to those with early-to-mid stage 123 

disease [Hoehn and Yahr (H&Y) staging scale: mean=2.3, ranging from 1.5 to 3.0; most of them 124 

were ≤2.5, except for five participants with a scale of 3] and with a disease duration of less than 10 125 

years (except for three patients with a duration of 12, 13 or 19 years). 126 

As a strong cryopreservation effect has been observed on the FCM readouts of several clinically-127 

relevant T-cell markers in bio-banked samples (Capelle et al. 2021), we performed the CyTOF 128 

analysis on fresh whole blood of PD and HC (for gating strategy refer to Fig. S1). A principle 129 

component analysis (PCA) showed that PD did not have a distinct immunological fingerprint based 130 



Page 5 of 51 

 

on the entire peripheral immune system (Figure 2B). Nevertheless, several immune cell types were 131 

altered in PD compared to HC, in particular in the T-cell compartment (Figure 2C). Total classical 132 

αβ T cells were modestly reduced in PD (Fig. S2A), reflected by a decrease of total CD4 T cells 133 

(Fig. S2B), whereas the γδ T cells were unchanged among total living CD45+ cells (Fig. S2C). The 134 

frequency among living CD45+ cells well recapitulated the absolute number of cells for the given 135 

subset as we standardized the amount of analyzed whole blood from each participant and no 136 

difference in the number of total living CD45+ cells was observed between PD and HC (refer to 137 

Materials and Methods, Table S5). The decreased frequency of total CD4 T cells among living 138 

CD45+ cells was mainly due to a decrease in CD4+CXCR5+ T follicular helper cells (Tfh) (Fig. S2D), 139 

CD45RA+CCR7+ naïve (Fig. S2E) and CD45RA-CCR7+ central memory (TCM) CD25- conventional 140 

T cells (Tconv) among total living CD45+ immune cells (Fig. S2F), but not CD45RA-CCR7- effector 141 

memory (TEM) Tconv (Fig. S2G). Although total CD8 T cells showed no difference in PD (Figure 142 

2D), the CD8 naïve/memory subset composition displayed alterations (Figure 2C). As demonstrated 143 

by an unbiased volcano plot analysis (Figure 2C), the frequency of cytotoxic terminally-differentiated 144 

effector T cells (CD45RA+CCR7-, TEMRA) (Pereira and Akbar 2016, Goronzy and Weyand 2017) 145 

was substantially increased among total CD8 T cells in PD (Figure 2C, E), whereas the frequency 146 

of TCM cells was reduced (Figure 2F). The proportion of CD8 naïve and TEM cells showed similarity 147 

between PD and HC (Fig. S2H, I). Furthermore, the expression of CD57, a marker of terminal 148 

differentiation, among CD8 TEMRA showed a trend to be increased (p=0.066) in PD (Figure 2G), 149 

further indicating a more-differentiated CD8 T-cell profile. Moreover, another cytotoxic cell type, 150 

natural killer T (NKT) cells also exhibited a late-differentiated state, as reflected by an increased 151 

frequency of CD8+ NKT (Figure 2H) among total NKT cells (Liu et al. 2019), while the frequency of 152 

less-differentiated CD4+ (Figure 2I) and CD4-CD8- (also known as double negative, Figure 2J) NKT 153 

cells was either decreased or intact, respectively. Similar to CD8 T cells, CD8+ NKT also expressed 154 

higher levels of CD57 (Figure 2K). Consistent with the accelerated-differentiation notion, the 155 

frequency of CD56highCD57- immature NK cells was decreased among total living CD45+ cells 156 

(Figure 2L). As the CD8 T-cell composition was considerably changed, while total CD8 T cells were 157 

intact, we performed an unsupervised analysis on gated CD8 T cells to substantiate our supervised 158 

analysis. Indeed, a viSNE plot analysis confirmed an enhanced frequency of CD8 TEMRA 159 

(CD45RA+CCR7-CD27-) among total CD8 T cells in PD versus HC (Figure 2M). To sum up, we 160 

observed a more-cytotoxic and late-differentiated immune profile in early-to-mid iPD, as reflected by 161 

the changed frequency of several relevant cell types, such as CD8 TEMRA, NKT and NK cells. 162 

With the 35-marker CyTOF analysis, we were also able to assess many other immune subsets, such 163 

as granulocytes (neutrophils, eosinophils and basophils), monocytes (classical, intermediate and 164 

non-classical), dendritic cells (myeloid DC and plasmacytoid DC, known as mDC and pDC 165 

respectively), NK (immature and late), B cells (naïve, memory, plasma cells) and innate lymphoid 166 
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cells (ILCs: ILC1, ILC2 and ILC3) (Fig. S1 and Table S5). Most of them did not show any significant 167 

change in PD versus matched HC in terms of the frequency among total CD45+ cells or the 168 

frequency among the relevant parent gates (Table S5). Consistent with a more-cytotoxic profile, an 169 

increased frequency of neutrophils among living CD45+ cells was observed in PD (Figure 2N). The 170 

heightened frequency of neutrophils was accompanied by a reduced fraction of eosinophils (Figure 171 

2O), while basophils were unchanged in PD (Fig. S2J). The reduced frequency of eosinophils is 172 

concordant with the observation showing a negative association between eosinophils and the risk of 173 

PD in a study based on routine whole-blood counts (Wang et al. 2021). Our finding regarding 174 

neutrophils is also in agreement with a recent study only analyzing whole-blood-count parameters 175 

(Munoz-Delgado et al. 2021). 176 

Unexpectedly, the frequency of ILC2 (Moro et al. 2010) among total living CD45+ immune cells in 177 

PD was almost decreased to half of that in matched HC (Figure 2P, Q), while ILC1 and ILC3 showed 178 

no difference (Fig. S2K, L). These data are aligned with the observed decrease in eosinophils, as 179 

ILC2 control eosinophil homeostasis, at least in the context of typical Th2 immunopathology, i.e., 180 

allergy (Nussbaum et al. 2013). Finally, we found a slight but significant decrease in the frequency 181 

of IgD+CD27- naïve B cells (Fig. S2M). Collectively, our unbiased comprehensive 182 

immunophenotyping analysis revealed a more-cytotoxic and late-differentiated immune profile while 183 

the frequency of immature NK cells, eosinophils and ILC2 was significantly decreased in early-to-184 

mid stage PD. 185 

Early-to-mid iPD exhibited an increased effector profile in CD8 T cells 186 

Since our CyTOF analysis has shown substantial alterations within T-cell compartments in whole 187 

blood of PD, we next analyzed T cells in more depth using five FCM panels with a total of 33 T cell-188 

relevant markers, the combinations of which gave rise to ~700 features. In this way, we were able 189 

to assess not only phenotypical markers and the proportions of different T cell subpopulations, but 190 

also functional states of different subsets (Table S4). The PCA based on ~700 different combinations 191 

determined a distinct immunological fingerprint in PD compared to HC (with the exception of one PD 192 

and one HC participant labelled as “PD9” and “HC17” in Figure 3A). The three genetic PD were not 193 

identified as outliers compared to iPD patients in the PCA plot based on the comprehensive T-cell 194 

analysis. Alike to the CyTOF data, no difference was observed in the frequency of total CD8 T cells 195 

among peripheral blood mononuclear cells (PBMC) in PD versus HC (Fig. S3A). Different from the 196 

CyTOF data, we did not observe any significant difference in the frequency of total T cells and total 197 

CD4 T cells between the two groups (Fig. S3A). The unchanged frequency of total T cells revealed 198 

by our FCM analysis might be due to the exclusion of granulocytes in PBMC, accounting for the 199 

majority of the immune population in whole blood. Although the overall frequency of major T-cell 200 

populations remained statistically unchanged in the FCM analysis (Fig. S3A), a PCA analysis 201 
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revealed a clear T-cell fingerprint in PD, reflecting the changes in specific T-cell subsets (Figure 202 

3A). 203 

Among the most significantly changed (p<0.05, fold change >1.4) immune subpopulations in PD, the 204 

FCM analysis again found a strong increase in the frequency of TEMRA among total CD8 T cells 205 

(Figure 3B, C), independently confirming our CyTOF results. CD8 TEMRA cells express CD45RA, 206 

but lose the expression of CD45RO, CCR7 and CD27. By analyzing the expression of CCR7 in 207 

combination with CD45RA and CD45RO, we were able to better differentiate the CD8 208 

subpopulations and pinpointed that CD45RA+CD45RO-CCR7- cells (CD8 TEMRA following a 209 

simplified gating strategy) were increased among total CD8 T cells in PD (Figure 3C).  210 

To more strictly identify CD8 TEMRA, we next included CD27 in another staining panel. In line with 211 

the results based on the simplified gating strategy aforementioned (Figure 3C), the frequency of 212 

CD45RO-CCR7-CD27- effector CD8 T cells was also increased in PD (Fig. S3B). Based on the fact 213 

that the fraction of CD45RA/CD45RO double-negative (mean: ~5%) or double-positive (mean: ~5%) 214 

cells was tiny among CD8 T cells (Fig. S3C), most of the CD45RO-CCR7-CD27- effector CD8 T cells 215 

(Fig. S3B) should be CD45RA+CCR7-CD27- CD8 TEMRA. Meanwhile, TCM 216 

(CD45RO+CCR7+CD27+) and transitional memory (TM) (CD45RO+CCR7-CD27+) CD8 T cells were 217 

reduced (Fig. S3D, E), while naïve (CD45RO-CCR7+CD27+) CD8 T cells showed no difference 218 

between PD and HC (Fig. S3F). The reduction in CD8 TCM and TM cells was in line with a lower 219 

frequency of long-lived memory (KLRG1-CD127+) (Kaech et al. 2003) CD8 T cells (Fig. S3G) and 220 

consistent with the CyTOF results (Figure 2F). Collectively, we firmly demonstrated that the portion 221 

of CD8 TEMRA was increased while the CD8 TCM/TM fraction was contracted among early-to-mid 222 

stage PD, no matter which gating strategies were employed in various staining panels based on both 223 

multi-channel FCM and CyTOF approaches. 224 

We next investigated the functional states of various T cell subsets. T-bet is an essential marker for 225 

effector CD8 lymphocyte functions (Sullivan et al. 2003, Intlekofer et al. 2005) and its expression is 226 

positively correlated with GZMB expression in humans infected with cytomegalovirus (CMV) 227 

(Popescu et al. 2014). In line with the notion of the increased effector profile, CD8 T cells from PD 228 

compared to HC also displayed a higher frequency of T-bethigh and CD45RO-T-bet+ CD8 T cells 229 

(Figure 3D-E). It is worthy to note that the T-bet+ or T-bethigh cells were mainly CD45RO-, but not 230 

CD45RO+ cells, indicating that those cells were mostly CD45RA+ terminally-differentiated cells, 231 

based on the largely mutually exclusive relationship between CD45RA and CD45RO expression 232 

(Fig. S3B). The increased CD8 effector function was further consolidated by an augmented 233 

proliferation and activation levels among CD45RO- CD8 T cells, as quantified by the expression of 234 

Ki67 (Figure 3F) and HELIOS (Akimova et al. 2011) (Figure 3G), respectively. The increase of 235 

CD45RO-CD57+ (Figure 3H) and CD57+ (Fig. S3H) among CD8 T cells further supported an 236 
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advanced differentiation state of CD8 T cells in PD, as the expression of CD57 increases during 237 

CD8 T-cell differentiation (Strioga et al. 2011). 238 

We further analyzed whether CD8 T cells from PD show any exhausted (Yi et al. 2010, Wherry 239 

2011), senescence (Chou and Effros 2013, Lee et al. 2016) or other key dysfunctional phenotypes  240 

as the participants in our cohort were aged over 60 years old. Assessing the expression of several 241 

key T-cell exhaustion markers such as PD-1, CTLA4 and LAG3 showed no sign of exhaustion (Fig. 242 

S3I-K). Similar to the exhaustion scenario, the CD8 T cell senescence marker KLRG1 was 243 

unchanged between PD and HC (Fig. S3L). Interestingly, the activation marker ICOS was 244 

significantly decreased in CD8 T cells of PD (Fig. S3M). However, this decline only reflected the 245 

observed decrease in the frequency of CD8 TCM cells (Fig. S3D), as only the frequency of 246 

ICOS+CD45RO+, but not of ICOS+CD45RO- CD8 T cells was decreased (Fig. S3N). We also 247 

observed a decreased expression of the amino acid transporter CD98 (Fig. S3O), nevertheless, 248 

being independent of the fraction of CD45RO+ ones among CD8 T cells (Fig. S3P). Together, these 249 

observations support the notion that CD8 T cells in early-to-mid PD exhibited a terminally-250 

differentiated but non-exhausted and non-senescent state. 251 

Effector CD8 T cells tend to migrate to non-lymphoid tissues where an active immune response 252 

takes place (Galkina et al. 2005, Woodland and Kohlmeier 2009). Therefore, we also assessed the 253 

expression of several lymphocyte-relevant chemokine receptors, such as CXCR3, CCR4 and CCR6. 254 

In the blood of PD, we observed a lower frequency and expression levels (geometric mean, MFI) of 255 

CXCR3 and CCR4 among total CD8 T cells, whereas CCR6 showed no difference (Fig. S4A, B). 256 

The decrease in CXCR3 and CCR4 expression might be attributable to the decline in the frequency 257 

of TCM cells among total CD8 T cells (Fig. S3D), since among all the four subsets, CD8 TCM cells 258 

displayed the highest expression levels of these two chemokine receptors (Fig. S4C). In addition to 259 

the decrease in individual chemokine receptors, the frequency of CCR4 and CCR6 co-expressing 260 

cells was also decreased (Fig. S4D), although the cells expressing both receptors was sparse 261 

among total CD8 T cells (<1% in average). Accordingly, the frequency of cells lacking all the tested 262 

three chemokine receptors (CXCR3, CCR4 and CCR6) was increased among total CD8 T cells in 263 

PD versus HCs (Fig. S4D). We further asked whether CD8 TEMRA express one of the major homing 264 

receptors to allow them to properly migrate to the central nervous system (CNS). Since integrin alpha 265 

4 (also known as CD49d) is the major brain homing factor of peripheral CD8 T cells controlling 266 

trafficking of CD8 T cells into the CNS (Yednock et al. 1992, Sasaki et al. 2007), we analyzed CD49d 267 

expression in CD8 T cells. However, we did not find any significant difference in CD49d expression 268 

between PD and HC among various subsets of CD8 T cells, including CD8 TEMRA (Fig. S4E). In 269 

brief, the unaffected expression levels of the analyzed chemokine receptors and major brain homing 270 

factor among CD8 TEMRA indicate that CD8 TEMRA have an intact potential to migrate into the 271 

CNS. 272 
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Since those cells displaying cytotoxic functions, such as CD8 T cells and NKT, also secrete cytotoxic 273 

effector molecules, we asked whether a more cytotoxic state was already reflected in the sera of 274 

PD. To this end, we measured two of the most abundant extracellular cytotoxic effector molecules, 275 

granzyme A (GZMA) and granyzme B (GZMB) together with the membrane-pore forming molecule 276 

perforin. Highly encouragingly, GZMA was significantly elevated in PD (Figure 3I), while the levels 277 

of both GZMB and perforin were comparable between PD and HC (Figure 3J, K). In short, our 278 

cellular and serological data together suggested a more-cytotoxic immune milieu in PD. 279 

Although naïve CD4 cells displayed no difference, the frequency of CD4 TCM cells were slightly, but 280 

significantly decreased (Fig. S5A, B). Moreover, the portion of intermediate CD4 (CCR7-281 

CD27+CD45RO-) (Knox et al. 2014) T cells were increased in PD (Fig. S5C). Unlike CD8 T cells, the 282 

frequency of effector and TEMRA among total CD4 T cells remained unchanged in PD (Fig. S5D, 283 

E). In short, CD8 T cells, but not CD4 T cells, favored a terminally-differentiated effector program 284 

over the generation of a long-lived CD8 central memory T-cell profile in PD. 285 

The combination of the chemokine receptors, such as CXCR3, CCR4 and CCR6 can be also used 286 

to distinguish the CD4 T helper cell lineages Th1, Th2 and Th17 (refer to the gating strategy in Fig. 287 

S5F). By applying this analysis and also assessing the expression of the CD4 Th master transcription 288 

factors T-bet, GATA3 and RORγT, we observed neither a significant change in the frequency of Th1, 289 

Th2 or Th17 cells, nor in the ratios of Th subsets in PD versus HC (Fig. S5G-J). No change in any 290 

T helper subset was also in agreement with our CyTOF results (Table S5). In line with this notion, 291 

we also did not observe any significant difference in the Th1 and Th2 cytokines, such as GM-CSF, 292 

IFN-γ, IL-5 and IL-13 measured in the sera of our cohort (Fig. S5K). Since IL-33 plays a crucial role 293 

in regulating the ILC2 response and serves as an alarmin in the central nervous system (Cayrol and 294 

Girard 2014), we also quantified the circulating IL-33 level, which did not differ between PD and HC 295 

(Fig. S5K). We further measured several CNS-homing relevant chemokines, such as IL-8, IP10 and 296 

MCP-1. None of them showed any significant difference between PD and HC in our cohort (Fig. 297 

S5K). In short, these results indicate that the major components of the machinery enabling CD8 298 

TEMRA to cross blood-brain barriers were not compromised in early-to-mid PD. 299 

Together, our T-cell deep immunophenotyping analysis also firmly suggests that early-to-mid stage 300 

PD displayed a more-cytotoxic profile, characterized by a higher abundance of functional and 301 

terminally-differentiated effector CD8 T cells endowed with intact brain-homing machinery. 302 

Early-to-mid iPD display a reduced frequency of CD8 Treg but not CD4 Treg  303 

CD4 regulatory T cells (CD4 Treg) play an important role in suppressing effector T-cell responses to 304 

avoid an overshooting immune reaction that could harm surrounding self-tissues (Sakaguchi et al. 305 

2008, Josefowicz et al. 2012, Schmidt et al. 2012). CD4 Treg have been found to be dysfunctional 306 

or reduced in numbers in multiple autoimmune diseases. Previous reports have shown a reduced 307 
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frequency of CD4 Treg and/or an impaired suppressive capability of Treg in PD and other 308 

neurodegenerative diseases as described or reviewed elsewhere (He and Balling 2013, Kustrimovic 309 

et al. 2018, Thome et al. 2021). Through our FCM analysis based on fresh PBMCs, we did not 310 

observe any change in the frequency of CD4+FOXP3+ T cells (CD4 Treg) among CD4 T cells 311 

between PD and HC (Figure 4A). Unexpectedly, we found that the frequency of CD8+FOXP3+ Treg 312 

(CD8 Treg) was reduced in PD (Figure 4B, C). CD8 Tregs are able suppress the responses of other 313 

effector cells, including CD8 cells [reviewed here (Kiniwa et al. 2007, Churlaud et al. 2015, Zhang et 314 

al. 2018)]. In line with our observation of reduced CD8 Treg, the expression of other markers related 315 

to CD8 Treg, such as CD25 (IL2RA) and CD122 (IL2RB) (Li et al. 2014), was also reduced in CD8 316 

T cells of PD compared to HC (Figure 4B). Notably, the ratio between the frequency of CD8 TEMRA 317 

and of CD8 Treg was increased in PD versus HC, with a mean of 68.58 in PD versus 30.37 in HC, 318 

further highlighting an effector-biased, and consequently more ‘active’ CD8 T-cell compartment 319 

(Figure 4D). Although the frequency of CD4 Treg was unchanged in our PD, this data alone could 320 

not exclude the possibility of a compromised suppressive function of CD4 Treg in PD. Therefore, we 321 

also analyzed the expression of several functional markers, such as CD45RO and phospho S6 322 

[reflecting mTORC1 activity (Zeng et al. 2013)]. Interestingly, the expression of both CD45RO and 323 

pS6 was decreased among CD4 Treg in PD (Figure 4E). Despite the reduction in those markers, 324 

the expression of FOXP3 and CTLA4, which are decisive for maintaining suppressor function 325 

(Schmidt et al. 2012), remained unchanged among CD4 Treg (Figure 4F). These data together 326 

indicate that it is mainly CD8 Treg cellularity that was impaired in early-to-mid iPD, whereas the CD4 327 

Treg frequency and suppressive capacity were likely not affected. 328 

CD8 TEMRA is a valuable peripheral cellular marker for early diagnosis of iPD 329 

Considering the substantial difference in CD8 TEMRA between PD and HC in our cohort, we 330 

evaluated the potential of using CD8 TEMRA as a peripheral cellular diagnostic biomarker. We first 331 

analyzed the possible correlation between the frequency of CD8 TEMRA and various available 332 

quantitative clinical information, such as age, disease duration, H&Y staging scale, UPDRS-III 333 

(Unified Parkinson’s Disease Rating Scale III), LEDD (Levodopa equivalent daily dose) and MOCA 334 

(Montreal Cognitive Assessment). Although no significant correlation was observed between CD8 335 

TEMRA and most of those clinical data, notably, the frequency of CD8 TEMRA in PD showed a 336 

significant negative correlation with disease duration from the onset of initial symptoms (Figure 5A) 337 

and also a trend to be negatively correlated with the disease duration after clinical diagnosis 338 

(p=0.054, Figure 5B). This suggests that CD8 TEMRA populations might be more involved in the 339 

early rather than the later stage of PD. Interestingly, samples from early-to-mid stage PD could be 340 

already well distinguished from HC samples with an area under the curve (AUC) of 0.7731, based 341 

on CD8 TEMRA frequency alone (Figure 5C). As the frequency of CD8 TEMRA negatively 342 
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correlated with disease duration, we applied another receiver operating characteristic (ROC) 343 

analysis by focusing on patients diagnosed only within 5 years. Notably, an excellent AUC value of 344 

0.8663 [for the definition of AUC ranges, refer to the seminal work (Mandrekar 2010); sensitivity of 345 

100% and specificity of 70.83% at the cut-off of 40.3% for CD8 TEMRA percentages among CD8] 346 

was obtained based on the CD8 TEMRA frequency of those patients (Figure 5D). 347 

Since the frequency of CD8 Treg and ILC2 also showed a difference between PD and HC, we 348 

assessed whether those subsets can provide additional power by analyzing them with CD8 TEMRA 349 

together in the same plots (Figure 5E, F). As the ratio between CD8 TEMRA and CD8 Tregs might 350 

represent the CD8 effector potential in the given individual, we also analyzed the diagnostic value 351 

by integrating the ratios with the absolute frequency of CD8 TEMRA together (Figure 5G). 352 

Interestingly, neither the frequency of CD8 Tregs, the frequency of ILC2 nor the ratios between CD8 353 

TEMRA and CD8 Tregs can substantially increase the potential of implementing CD8 TEMRA as a 354 

biomarker, always leaving six out of the seven HC samples mixed in the ‘PD area’ (Figure 5G). 355 

Surprisingly, a detailed analysis into the plot displaying the ratios between CD8 TEMRA and CD8 356 

Tregs versus the frequency of CD8 TEMRA revealed that six out of the seven ‘indistinguishable’ HC 357 

samples were all from males. Noticing this potential gender bias, we performed another ROC 358 

analysis using only female samples. Very encouragingly, an outstanding AUC value [for the range 359 

of outstanding AUC values, also refer to (Mandrekar 2010)] as high as 0.925 was achieved (Figure 360 

5H). In short, our data firmly support that CD8 TEMRA alone might represent an unrecognized 361 

reliable easily-accessible cellular marker for early diagnosis of PD, especially for female iPD. 362 

 363 

Discussion  364 

It has been postulated that PD pathology might arise in the periphery and migrate to the CNS via the 365 

vagus nerve (Braak et al. 2003). More recently, Kipnis and colleagues lifted the misconception 366 

around the immune privilege in the brain (Louveau et al. 2015), making the peripheral immune 367 

system a reasonable suspect contributing to the development of neurodegenerative diseases. Here 368 

we showed that early-to-mid stage iPD displayed a highly-functional peripheral effector immune 369 

profile, as reflected by several types of more-cytotoxic and late-differentiated immune subsets, 370 

especially CD8 TEMRA. These cytotoxic CD8 T cells did not display any impairment in the 371 

expression of major chemokine receptors and brain homing factors in PD. The CD8 TEMTA 372 

frequency negatively correlated with the disease duration from the onset of initial symptoms or 373 

diagnosis. This suggests that CD8 TEMRA could be a driver of initiating PD instead of a secondary 374 

consequence following PD advancement. In support of our observations, CD8 T cells have been 375 

found to infiltrate into the CNS, prior to the onset of α-syn neuropathology and their density correlated 376 

with neuronal cell death, although in PD post-mortem brain tissues (Galiano-Landeira et al. 2020). 377 
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Thus, our data strongly support that the peripheral immune system, especially CD8 TEMRA, might 378 

contribute to PD pathogenesis, indicating that CD8 TEMRA could serve as a potent easily-accessible 379 

target to prevent the progression of iPD. However, this intervention would only be possible during a 380 

short time window early in PD, as advised by the negative correlation of TEMRA with the disease 381 

duration. Our work also suggests that peripheral CD8 TEMRA alone might be a valuable cellular 382 

peripheral non-invasive biomarker for early diagnosis, especially for female iPD. 383 

The elevated immune cytotoxic profile of CD8 T cells and CD8+ NKT cells in PD observed in our 384 

cohort might also explain why patients with PD are better protected against some, although not all, 385 

cancers (Inzelberg and Jankovic 2007). An increased number of NK cells, another type of specific 386 

cytotoxic cells, has been reported in PD through a meta-analysis (Jiang et al. 2017), further indicating 387 

that the general immune status of PD is primed towards cellular immunity. In line with that, a reduced 388 

frequency of CD56highCD57- immature NK cells was observed in our cohort, indicative of a more-389 

differentiated stage of NK cells. The cytotoxic immune profile was further supported by our 390 

observation about the enhanced frequency of neutrophils. In the meantime, the critical cytotoxic 391 

effector molecule GZMA was significantly elevated in the sera of our PD cohort, further indicating a 392 

more-cytotoxic peripheral profile in early-to-mid stage iPD. Coincidently, the frequency of 393 

hippocampal CD8 T cells producing GZMA in patients with Alzheimer’s disease has also been found 394 

higher than that of the analyzed controls (Gate et al. 2020). Interestingly, extracellular GZMA has 395 

been recently reported to also play a critical pro-inflammatory role, independent of its cytotoxic 396 

function, under various pathological conditions (Metkar et al. 2008, van Daalen et al. 2020). With this 397 

in mind, our data not only strongly suggest a more-cytotoxic peripheral immune milieu, but might 398 

also indicate a pro-inflammatory-biased state in early-to-mid stage iPD. 399 

While our PD displayed a more-cytotoxic immune profile, we also observed a reduced frequency of 400 

several regulatory cell types, known to play immune suppressive or tolerance-inducing roles. 401 

Previous studies have reported reduced CD4 Treg numbers or a decreased suppressive capability 402 

of CD4 Treg in PD (Saunders et al. 2012, Kustrimovic et al. 2018, Thome et al. 2021). However, our 403 

work provides the first evidence showing a reduced frequency of CD8 Treg in PD. CD8 Treg also 404 

play a critical role in suppressing CD8 responses and effector functions of other immune cell types 405 

(Correale and Villa 2010, Li et al. 2014, Flippe et al. 2019). Therefore, our observation suggests that 406 

a reduced frequency of CD8 Treg might fail to properly control the expansion or differentiation 407 

balance of terminally-differentiated CD8 T cells, leading to a dominant profile of cytotoxic effector 408 

CD8 T cells, which thus could contribute to the pathogenesis of iPD. It is also worthy to note that the 409 

ILC2 frequency showed the strongest decrease in PD of our cohort. Since IL-10-producing ILC2 play 410 

a critical regulatory role in the induction of immune tolerance (Golebski et al. 2021), the reduced 411 

frequency of peripheral ILC2 in our cohort might also contribute to the enhanced frequency of CD8 412 

TEMRA in PD. Meanwhile, ILC2 also produce type 2 cytokines such as IL-5 and IL-13 (Spits and Di 413 
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Santo 2011, Hoyler et al. 2012), which in turn promote a M2-like polarization of brain-resident 414 

microglia. In line with this, infiltration of ILC2 into choroid plexus in an animal model of Alzheimer’s 415 

disease enhanced the cognitive function in aged mice (Fung et al. 2020). The relationship between 416 

peripheral and CNS-residing ILC2 in PD merits further investigation, as ILC2 are the most prevalent 417 

ILC subset within the adult mouse CNS (Russi et al. 2015). 418 

One recent single-cell RNA-seq analysis focusing on sorted T cells and TCR repertoire has reported 419 

enriched terminal effector CD8 T cells in PD, but only analyzed a single-digit number of patients 420 

(Wang et al. 2021). Furthermore, that study has neither provided information on the disease stage 421 

nor on other relevant clinical metadata, making a direct comparison of their results with ours difficult. 422 

Another study (Williams-Gray et al. 2018), similar to ours, also did not observe any major changes 423 

within CD4 T cells. However, in contrast to the single-cell RNA-seq study and ours, that study 424 

showed a reduced frequency of CD8 CD57+ T and CD8 TEMRA cells in the peripheral blood of PD 425 

(Williams-Gray et al. 2018). The differences between their observations and ours might be 426 

attributable to very different inclusion/exclusion criteria. In that study, a wider range of patients aged 427 

between 55 and 80 years old were included, while we focused on a strictly-controlled and very-428 

homogeneous group of patients and healthy controls, covering a more narrow age range (60-70 429 

years old for idiopathic patients). The age range of study participants has a major impact on the 430 

immune system and on immunological parameters (Weng 2006, Goronzy and Weyand 2013). 431 

Furthermore, we controlled for the CMV-related immune status of all included participants in our 432 

analysis, as CMV is documented to drive the immune ageing process (Koch et al. 2007). Additionally, 433 

we excluded PD and HC with cancer as potential participants, which was also not specified in that 434 

study, as local responses in the tumor microenvironment and peripheral immune disturbances are 435 

common in cancer patients (Hiam-Galvez et al. 2021). These three important factors might already 436 

well explain the seemingly-contradictory observations between the different studies. 437 

Collectively, our study provided a comprehensive peripheral immune map for early-to-mid iPD 438 

patients. Although our immunological analysis was only applied to a homogenous group of 28 PD 439 

and 24 age-matched healthy controls, we started our selection from >800 PD and >800 controls 440 

from an ongoing nation-wide cohort. Furthermore, the final number of included participants for deep 441 

immunophenotyping is comparable to other high-standard resource studies in the neuro-442 

immunological field (Gate et al. 2020). Considering that a systematic immune profiling was even 443 

rarely performed in general healthy controls at such an advanced age, our data in healthy controls 444 

alone could also serve as an immunological cell reference for various age-related diseases. We 445 

discover that early-to-mid stage iPD display an abundance in several more-cytotoxic and late-446 

differentiated peripheral immune subsets and elevated circulating levels of GZMA, while a reduction 447 

in regulatory or tolerance-inducing cell types. These various cellular and soluble factors 448 

synergistically form a systemic immune milieu that is more cytotoxic while being less regulatory. 449 
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Such an immune milieu might contribute to the pathogenesis of iPD. Those affected peripheral 450 

immune components represent prime candidates for novel easily-accessible immunotherapeutic 451 

options in order to control the progression of early-stage iPD. 452 

Limitations of the Study  453 

In this clinical study, no efforts have been put to investigate the underlying cellular and molecular 454 

mechanisms causing the more-cytotoxic and late-differentiated immune profile in early-to-mid PD, 455 

especially for iPD patients. We have previously described reduced T-cell immunoaging, i.e., 456 

‘younger’ immune system, in both mice and patients with the deficiency of the key familial PD gene 457 

PARK7/DJ-1 via regulating the immunometabolic process (Danileviciute et al. 2022, Zeng et al. 458 

2022). The accelerated differentiation in several immune subsets we observed in iPD patients might 459 

be also attributable to an immunometabolic dysregulation. Supporting this notion, mitochondrial 460 

deficiency has been indeed widely reported in both idiopathic and genetic PD (Abou-Sleiman et al. 461 

2006, Bose and Beal 2016, Park et al. 2018). 462 

It still remains unclear whether CD8 TEMRA in PD of our cohorts are specific against PD-relevant 463 

antigens or develop unspecifically due to the insufficient CD8 Treg control on the expansion or 464 

differentiation. A very recent study revealed that highly differentiated and expanded CD8 T cells 465 

share the same TCR clonotypes between the periphery and cerebrospinal fluid (CSF) of a small 466 

number of PD (Wang et al. 2021). However, the two types of samples have not been taken from the 467 

same individuals. 468 

 469 

Materials & Methods 470 

Cohort Design 471 

We followed the ethical regulation of Luxembourg and obtained ethical approval from Luxembourg 472 

National Research Ethics Committee (CNER) (Hipp et al. 2018). Informed consent was obtained 473 

before each participant was recruited into the study by the local clinical team in Luxembourg. All 474 

study participants were recruited from the Luxembourg Parkinson’s Study, a nation-wide, 475 

monocentric, observational longitudinal study with parallel healthy controls. The overall steps of 476 

selection are provided in Figure 1. As a first step, we screened for HC and iPD patients aged 60-70 477 

years (except the 3 genetic patients: one PD patient with two rare variants, one pathogenic 478 

homozygote variant N409S in GBA and another non-pathogenic heterozygote rare variant in PINK1 479 

A383T, aged 48 years; one PD case with non-pathogenic heterozygote variant K13R in GBA, aged 480 

55 years; one PD patient with the homozygote pathogenic variant L369P in PINK1, aged 45 years). 481 

We narrowed the selection to early-to-mid stage PD having a mean disease duration of 6.6 years 482 

after diagnosis. Since aging is the primary risk factor for PD (Reeve et al. 2014) and aging 483 
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dramatically affects the immune system (Nikolich-Zugich 2018), we focused on a relatively narrow 484 

age window (60-70 years) in the PD and the corresponding HC group. We also excluded potential 485 

participants if they were diagnosed with any immune-associated diseases, such as diabetes, cancer, 486 

chronic inflammatory disease, autoimmune disease and acute infection or if they were currently 487 

treated with immunosuppressive medication (see Table S1 for detailed overview of the exclusion 488 

criteria). After the first round of exclusion, 150 PD and 58 HC were further tested for their 489 

cytomegalovirus (CMV) serologic status based on biobanked serum samples. CMV has been well 490 

documented to facilitate the immunosenescence process (Jergovic et al. 2019). In order to make the 491 

immunological analysis comparable at such an advanced age, we only invited HC and PD subjects 492 

as participants for deep immune phenotyping analysis if they were seropositive for anti-CMV IgG. 493 

As a result, a total of 28 PD and 24 HC CMV positive individuals agreed to be included in this study 494 

requiring additional blood sampling (see Table S2 for details on demographic and clinical 495 

information). To account for the circadian rhythm of immune cells trafficking throughout the body 496 

(Druzd et al. 2017), all blood samples of the participants were collected in the mornings and 497 

processed within six hours. 498 

Detection of anti-CMV IgG 499 

CMV infection is widely spread throughout the population and seropositivity correlates positively with 500 

age (Lachmann et al. 2018). Previous reports have shown that CMV infection promotes immune 501 

ageing (Jergovic et al. 2019). To exclude a potential bias in our analysis due to a differential CMV 502 

status in PD and HC, we measured the CMV serology of all the potential study participants (including 503 

HCs) fitting the inclusion and exclusion criteria and only selected participants who were seropositive 504 

for CMV (Figure 1). An ELISA was performed on plasma samples from previous visits that were 505 

preserved in the local biobank (Integrated Biobank of Luxembourg). We used the Human Anti-506 

Cytomegalovirus IgG ELISA Kit (Abcam, ab108724) and followed manufacturer’s instructions. 507 

Mass cytometry (CyTOF) staining and analysis 508 

Fresh whole blood was first incubated with Human TruStain FcXTM (FcX, 422302, Biolegend) for 10 509 

min at room temperature (RT). Surface staining was performed by transfering the blood into the 510 

Maxpar® Direct Immune Profiling Assay (MDIPA, 201325, Fluidigm) tube containing a dry antibody 511 

pellet. To the antibody-blood mixture, we added four in-house-conjugated and two pre-conjugated 512 

antibodies (Table S3). To fit with our purpose, another four in-house-conjugated antibodies (C-Kit, 513 

KLRG1, NKP44 and CD49d) were labeled with Maxpar® X8 Antibody Labeling Kit (201142A, 514 

201159A, 201162A or 201169A, Fluidigm). Incubation lasted for 30 min at RT. Immediately after 515 

staining was completed, Cal-lyse solution (GAS010, Thermo Fisher Scientific) was added to each 516 

tube for a 10-min incubation in the dark; then 3 mL of deionised water were added for another 10-517 
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min incubation in the dark. Cells were washed twice with MaxPar Cell Staining Buffer (CSB, 201068, 518 

Fluidigm) (400 x g, RT, 10 min). Cells were then fixed with 1.6% of formaldehyde solution (Pierce 519 

16% Formaldehyde, 289006, Thermo Fisher Scientific). Centrifugation conditions after fixation were 520 

800 x g, for 10 min at 4°C. As a last step, samples were incubated with Ir-Intercalator (201192A, 521 

Fluidigm), diluted (1:2000) in MaxPar Fix&Perm (201067, Fluidigm), and rested at RT for 1 h. Then, 522 

the cells were stored at -80°C until the day of CyTOF acquisition. Prior to the acquisition, cells were 523 

washed twice with CSB and twice with Cell Acquisition Solution (CAS, 201239, Fluidigm). Cells were 524 

resuspended at 5E5 per mL in 1:10 calibration beads (EQ Four Element Calibration Beads, 201078, 525 

Fluidigm) diluted with CAS and the samples were analyzed with a HELIOS mass cytometer 526 

(Fluidigm) at a flow rate of 0.030 mL per min. Generated *.fcs files were normalized with the HELIOS 527 

acquisition software by using EQ beads as a standard. Of note, due to notable staining issues, we 528 

excluded CD25, CD16 and CD127 from the analysis. As a consequence, we were unable to gate 529 

and analyze Tregs in our CyTOF panel (Fig. S1). Alternatively, for non-classic monocyte and ILC 530 

gating, we used CD38 instead of CD16 as employed elsewhere (Picozza et al. 2013). For NK subset 531 

gating, we used CD56 and CD57 to distinguish immature, mature and terminally-differentiated NK 532 

subsets (Lopez-Vergès et al. 2010). 533 

We mainly performed the supervised analysis based on manual gating (Fig. S1) while we also 534 

implemented an unsupervised analysis on gated CD8 T cells. The CD8+ T cells of 50 samples (23 535 

HC, 27 PD; one HC sample was excluded due to a too low number of acquired cells; one PD sample 536 

was excluded due to the fact that a partially-wrong CyTOF staining panel was used) were extracted 537 

using FlowJo v10 to perform the viSNE analysis on the CellEngine (https://cellengine.com/). The 538 

viSNE analysis was achieved using all the cells from each fcs file, with 1000 iterations and a 539 

perplexity of 80. The following markers were used to generate the viSNE: 540 

CD45RA/CCR7/CD27/CD57/CD38/HLADR. Of note, except for the results presented in Figure 2M, 541 

all the other results were based on supervised analysis. 542 

PBMC isolation 543 

For detailed method description, please refer to our recent work. In brief, 10-ml vacutainer K2EDTA 544 

blood collection tubes (367525, BD) was used to sample blood from each participant in the morning. 545 

Peripheral blood mononuclear cells (PBMCs) were isolated from fresh whole blood by gradient 546 

centrifugation at 1200 x g for 20 min, RT using the SepMate™-50 tubes (85450, Stemcell) and 547 

Lymphoprep™ (07801, StemCell). The cells were washed three times with FCM (flow cytometry) 548 

buffer (Ca2+/Mg2+ free PBS + 2% heat-inactivated FBS) and counted with a CASY cell counter. 549 

Multi-panel multi-color flow cytometry analysis 550 

https://cellengine.com/
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Similar multi-panel multi-color (up to 18) FCM analysis has already been fully established and 551 

performed by us in other human-sample based studies(Capelle et al. 2022). To ease the 552 

comprehension, we described the major procedures here again. For each study participant, 1 million 553 

of fresh PBMCs were stained for each of the 5 staining panels. Prior to the cell staining, the PBMCs 554 

were incubated for 15 min at 4°C with 50 μL Brilliant Stain Buffer (BD, 563794), containing 2.5 μL 555 

Fc blocking antibodies (BD, 564765). 50 μL of 2 x concentrated surface antibody master mixes 556 

diluted in Brilliant Stain Buffer were added to the cell suspension and incubated for 30 min at 4°C 557 

(Table S4). Following three washing steps with FCM buffer (300 x g, 5 min, 4 °C), the stained PBMCs 558 

were fixed for 60 min at RT using the fixation reagent of the True-Nuclear Transcription Factor Buffer 559 

Set (Biolegend, 424401). After fixation, the cells were centrifuged (400 x g, 5 min, 4°C), re-560 

suspended in 200 μL FCM buffer and left at 4°C overnight. The next day, the PBMCs were washed 561 

once in permeabilization buffer of the same kit and re-suspended in permeabilization buffer, 562 

containing 2.5 μL Fc blocking antibodies. After a 10-min incubation, the cells were centrifuged and 563 

the cell pellet was re-suspended in 100 μL permeabilization buffer containing the antibodies for the 564 

intracellular targets for a 30-40 min incubation at RT. Finally, the cells were washed three times in 565 

permeabilization buffer and re-suspended in 100 μL of FCM buffer for the acquisition on a BD 566 

LSRFortessaTM. The data was analysed using the FlowJo v10 software. Of note, with our hypothesis-567 

free approach, we could not foresee the CD8 TEMRA results. We never used CD45RA, CCR7 and 568 

CD27 in the same panel and this is why we had to demonstrate the CD8 TEMRA results by 569 

combining different gating strategies from different panels. 570 

MSD assays to detect serological soluble factors 571 

We used the MSD multiplex assay [U-PLEX Immuno-Oncology Group 1 (hu) Assay, K151AEL-1] to 572 

quantify the 10 selected serological soluable factors (Granzyme A, B, IFN-γ, IL-13, IL-33, IL-5, IL-8, 573 

GM-CSF, IP10 and MCP-1) following manufacture’s recommendations in a procedure similar to that 574 

in our other clinical or human sample-based work(Capelle et al. 2022). For the MSD assay, the 575 

biobanked samples were undiluted. We used the perforin (PRF1) human ELISA kit (ab46068) 576 

purchased from Abcam to quantify serological perforin. For the peforin ELISA protocol, we first 577 

diluted all the serum samples 30 times, which was pre-determined by a test experiment. Of note, 578 

most of the serum samples were obtained at the same time as the fresh blood taken for flow 579 

cytometry analysis, while some of the sera were only available from the most recent visit (< one 580 

year). 581 

Statistical analysis 582 

Statistics analysis was performed in Graphpad Prism 9.0 using an unpaired two-tailed Student t test 583 

or the Mann-Whitney nonparametric unpaired test. ROC analysis, volcano plot and PCA analysis 584 
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were also performed using GraphPad Prism v9.0. The precise test method used for the different 585 

figures is also specified in the corresponding figure legends. The error bars in the related types of 586 

figures represent the standard deviation (s.d.). For a few participants, some of the clinical information 587 

was unavailable. In that case, the related analysis did not interpolate any values to replace those 588 

empty cells in the data tables.  589 
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Figure 1. Cohort design for fresh-blood-based deep immunophenotyping analysis. 875 

Schematic representation showing the selection of the participants from the ongoing nation-wide 876 

Luxembourg Parkinson’s Study in this work. The comorbidities indicate that PD or HC have never 877 

been diagnosed with any of those diseases. For the medications, it refers to the scenario that there 878 

were no record in receiving those treatments of the given participant. For the the limit of disease 879 

duration (<10 years), we exceptionally included three participants with longer duration (refer to 880 

Material and Methods). HC, healthy controls; PD, patients with Parkinson’s disease; CMV, 881 

cytomegalovirus. 882 
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Figure 2. Single-cell CyTOF analysis shows a more-cytotoxic and late-differentiated 885 

immune profile in early-to-mid iPD. 886 

(A) Graphical representation describing the cohort and the experimental setup. (B) PCA plot showing 887 

no distinct immunological fingerprint based on the entire peripheral immune system analysed by 888 

CyTOF. (C) Volcano plot showing the most significantly (p<0.05, fold change >1.3) decreased 889 

(green) and increased (red) immune cell populations in PD compared to HC. The dashed line in the 890 

y axis corresponds to the value of 1.3 (p=0.05), while the two dashed lines in the x axis correspond 891 

to the value of -0.3785 or 0.3785 (a change fold of 1.3). (D-G) Scatter dot plots showing the frequency 892 

of total CD8 T cells  among living CD45+ singlets (D), CD8 CD45RA+CCR7- (the simplified gating 893 

strategy for TEMRA) (E), CD8 TCM (central memory) (F) and CD57 geometric mean (MFI, G) among 894 

CD8 TEMRA. (H-L) Scatter dot plots showing the frequency of CD8+ NKT (H), CD4+ NKT cells (I) 895 

and CD4/CD8 double negative (DN) NKT (J) and CD57 geometric mean (MFI) (K) among total NKT. 896 

(L), the frequency of CD56hiCD57- immature NK cells among living CD45+ cells. (M) Representative 897 

viSNE plot of one donor from either HC (upper panel) or PD (lower panel) highlighting the expression 898 

levels of CD45RA, CCR7, CD27 and CD57 in total CD8 T cells. The arrow indicates the CD8 899 

CD45RA+CCR7-CD27- (TEMRA). (N-P) Scatter dot plots showing the frequency of innate lymphoid 900 

cell type 2 (ILC2, N), neutrophils (O) and eosinophils (P) among living CD45+ immune cells. (Q) 901 

Representative cytometry plots showing the reduced frequency of ILC2 in PD. The enlarged number 902 

(rather than the small number in the original plot showing the frequency in the parent gate) showing 903 

the frequency among total living CD45+ cells (refer to Figure S1). The results in (D-L. N-P) were 904 

analysed using an unpaired two-tailed Student t test. Data are presented as mean ± standard 905 

deviation (s.d.). Each symbol represents the measurement from one individual participant (D-L, N-906 

P). As we explained in the text, the frequency among total living CD45+ singlets reflected the number 907 

of cells for the given immune subset. ns or unlabelled, not significant; *p<=0.05, **p<=0.01, and 908 

***p<=0.001. CyTOF, mass cytometry; CMV, cytomegalovirus; PBMC, peripheral blood 909 

mononuclear cells; HC, healthy controls; PD, patients with Parkinson’s disease. 910 
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Figure 3. Early-to-mid iPD exhibit an increased effector profile in CD8 T cells. 912 

(A) PCA plot showing a distinct immunological fingerprint based on T-cell combinatorial features 913 

using flow-cytometry (FCM) analysis. (B) Volcano plot showing the most significantly (p<0.05, fold 914 

change >1.4) decreased (green) and increased (red) - cell subpopulations in PD compared to HCs. 915 

TCM, central memory. The dashed line in the y axis corresponds to the value of 1.3 (p=0.05), while 916 

the two dashed lines in x axis correspond to the value of -0.485 or 0.485 (a change fold of 1.4). (C) 917 

Scatter dot plots (left) and representative flow cytometry plots (right) showing the increase in CD8 918 

TEMRA (CD45O-CD45RA+CCR7-, the simplified gating strategy for TEMRA without considering 919 

CD27) in PD. The combination of markers used to define TEMRA was described in the title of y axis. 920 

(D-H) Scatter dot plots (upper panel) and representative flow-cytometry plots (lower panel) showing 921 

the frequency of T-bethigh (D), CD45RO-T-bet+ (E), CD45RO-Ki67+ (F), CD45RO-Helios+ CD8 T cells 922 

(G) and CD45RO-CD57+ (H) in PD and HC. (I-K) The serological levels of GZMA (I), GZMB (J) and 923 

perforin (K). The results in C-H were analysed using an unpaired two-tailed Student t test while the 924 

results in I-K were analysed using the Mann-Whitney nonparametric unpaired test. Data are 925 

presented as mean ± standard deviation (s.d.). Each symbol represents the measurement from one 926 

individual participant (C-K). ns or unlabelled, not significant; *p<=0.05, **p<=0.01, and ***p<=0.001. 927 

HC, healthy controls; PD, patients with Parkinson’s disease; FCM, flow cytometry. 928 

 929 
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 930 

Figure 4. Early-to-mid iPD display a frequency reduction of CD8 Treg but not CD4 931 

Treg. 932 

(A) Scatter dot plot showing the frequency of FOXP3+ cells among CD4 T cells. (B) Scatter dot 933 

plots showing the frequency of FOXP3+, CD25+ and CD122+ among CD8 T cells. (C) 934 

Representative flow-cytometry plots showing the reduced frequency of FOXP3+ CD8 T cells. (D) 935 

Scatter dot plots showing the ratio between CD8 TEMRA and CD8 Treg. (E) Scatter dot plots 936 

showing the frequency of CD45RO+ and CD45RO+pS6+ among CD4 Treg in PD and HC. (F) 937 

Scatter dot plots showing the geometric mean (geomean, known as MFI) of FOXP3 and CTLA4 938 

among total CD4+FOXP3+ Treg. The results were analysed using an unpaired two-tailed Student t 939 

test. Data are presented as mean ± standard deviation (s.d.). Each symbol represents the 940 

measurement from one individual participant (A,B, D-F). ns or unlabelled, not significant; *p<=0.05, 941 
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**p<=0.01, and ***p<=0.001. HC, healthy controls; PD, patients with Parkinson’s disease.942 
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Figure 5. CD8 TEMRA is a reliable easily-accessible cellular biomarker for early iPD. 944 

(A, B) Graphs showing the correlation between the frequency of CD8 TEMRA among total CD8 T 945 

cells and the disease duration from the onset of initial symptoms (A) or from clinical diagnosis (B). 946 

Correlation coefficient and P-value were calculated based on Spearman correlation. (C, D) ROC 947 

analysis based on the frequency of CD45RA+CD45RO-CCR7- among total CD8 T cells, yielding an 948 

AUC of 0.7731 or 0.8663 for all the early-to-mid stage PD (n=28) (C) or patients diagnosed within 5 949 

years (n=12 for diagnosed <=5 years) (D) versus all the HC (n=24), respectively. (E) Plot showing 950 

the frequency of CD8 TEMRA versus the frequency of CD8 Tregs for each individual participant. (F) 951 

Plot showing the frequency of CD8 TEMRA quantified by flow cytometry versus the frequency of 952 

ILC2 quantified by CyTOF for each individual participant. (G) Plot showing the frequency of CD8 953 

TEMRA versus the ratios between CD8 TEMRA and CD8 Tregs for each individual. The dashed 954 

circle or triangle highlights the PD- or HC-dominant area. (H) ROC analysis based on the frequency 955 

of CD45RA+CD45RO-CCR7- among total CD8 T cells only from female PD (n=8) or HC (n=10). Each 956 

symbol represents the measurement from one individual participant. All the PD (n=28) and HC 957 

(n=24) were used in the analysis unless specified. The label “9” was used to highlight the same 958 

outlier “PD9” in several plots, which even cannot be distinguished from HC based on all the analysed 959 

T-cell features as shown in Figure 3. ROC, Receiver operating characteristic; AUC, Area under the 960 

curve; HC, healthy controls; PD, patients with Parkinson’s disease. 961 

 962 

Supplemental Figures and Legends 963 

 964 

 965 

 966 

 967 
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 968 

Figure S1. CyTOF gating strategy used in this study. 969 
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The gating stategy of the CyTOF analysis for various peripheral immune cells from whole blood. The 970 

markers used in this study are provided in Table S3. Labels for some of the major subsets are 971 

enlarged. 972 

 973 

Figure S2. Extended analysis on major immune subsets examined by CyTOF. 974 

(A-C) Scatter dot plots showing the frequency of total CD3+ T cells (CD3+CD19-CD56-) (A), total 975 

CD4 T cells (B) and γδ T cells (C) among living CD45+ cells in PD and HC, as analysed by CyTOF. 976 

(D-G) Scatter dot plots showing the frequency of circulating CD4 CXCR5+ T follicular help (Tfh) (D), 977 

CD45RA+CCR7+ naïve (E), CD45RA-CCR7+ central memory (TCM) (F) and CD45RA-CCR7- 978 

effector memory (TEM) (G) T cells. (H, I) Scatter dot plots showing the frequency of 979 

CD45RA+CCR7+ naïve (H) and CD45RA-CCR7-effector memory (TEM) (I) CD8 T cells. (J-L) 980 

Scatter dot plots showing the frequency of basophils (J), ILC1 (K) and ILC3 (L) among living CD45+ 981 
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immune cells. For detailed gating strategy, please refer to Fig. S1. (M) Scatter dot plots showing the 982 

frequency of naïve B cells among living CD45+ immune cells. All the results of major immune subsets 983 

were also provided in Table S5. The results were analysed using an unpaired two-tailed Student t 984 

test. Data are presented as mean of the given group± standard deviation (s.d.). Each symbol 985 

represents the measurement from one individual participant (A-M). ns, not significant; *p<=0.05, 986 

**p<=0.01, and ***p<=0.001. HC, healthy controls; PD, patients with Parkinson’s disease. 987 
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Figure S3. Early-to-mid iPD show fewer memory CD8 T cells and display no sign of 989 

accelerated exhaustion. 990 

(A) Scatter dot plots showing the frequency of total CD3+, CD4+ and CD8+ T cells in PD and HC as 991 

analysed by FCM. The parent gate of CD3+ cells is living lymphocyte singlets. (B) Scatter dot plots 992 

showing the frequency of effector CD8 T cells among total CD8 T cells.  (C) Bar graphs showing the 993 

relative average proportions of CD45RA versus CD45RO (left) and CCR7 versus CD45RO 994 

quartered subpopulations (right) of CD8 T cells. (D-G) Scatter dot plots showing the frequency of 995 

TCM (central memory) (D), TM (transitional memory) (E), naïve (F) and long-lived memory (G) CD8 996 

T cells in PD and HCs. The combination of markers used to define the corresponding subset was 997 

directly described in the title of y axis. (H-L) Scatter dot plots showing the frequency of CD57+ (H), 998 

PD-1+ (I), CTLA4+ (J), LAG3+ (K) and KLRG1+ (L) populations among CD8 T cells in PD and HC. 999 

(M, N) Scatter dot plots showing the frequency of ICOS+ cells (M), ICOS+CD45RO+ or 1000 

ICOS+CD45RO- cells (N) among total CD8 T cells in PD and HC. (O, P) Scatter dot plots showing 1001 

the frequency of CD98+ populations (CD98: amino acid transporter) (O) as well as CD98+CD45RO+ 1002 

or CD98+CD45RO- cells (P) among total CD8 T cells. The results were analysed using an unpaired 1003 

two-tailed Student t test. Data are presented as mean of the given group± standard deviation (s.d.). 1004 

Each symbol represents the measurement from one individual participant (A, B, D-P).   ns, not 1005 

significant; *p<=0.05, **p<=0.01, and ***p<=0.001. HC, healthy controls; PD, patients with 1006 

Parkinson’s disease. 1007 
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 1008 

Figure S4. CD8 TEMRA show normal expression of major chemokine receptors and 1009 

CD49d in early-to-mid iPD. 1010 

(A) Scatter dot plots showing the frequency of CXCR3/CD183, CCR4/CD194 and CCR6/CD196 1011 

positive cells among total CD8 T cells. (B) Scatter dot plots showing the geometric mean (geomean, 1012 
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reflecting MFI) of CXCR3, CCR4 and CCR6 among total CD8 T cells. (C) Heatmap showing the 1013 

averaged expression levels of the analysed chemokine receptors in different subpopulations of CD8 1014 

T cells for the given group. The frequency of cells expressing the given chemokine receptor was 1015 

normalized along column. CCR7 expression was not shown because CCR7 was used to define CD8 1016 

memory/naïve T cell subsets. (D) Scatter dot plots showing the frequency of CD8 T cells expressing 1017 

different combinations of the chemokine receptors CXCR3/CD183, CCR4/CD194 and CCR6 /CD196 1018 

in PD and HC. (E) Scatter dot plots showing the expression level (MFI) of the brain homing factor 1019 

CD49d among different CD8 T-cell subsets in PD and HC. The results were analysed using an 1020 

unpaired two-tailed Student t test. Data are presented as mean of the given group± standard 1021 

deviation (s.d.). Each symbol represents the measurement from one individual participant (A, B, D, 1022 

E).  ns, not significant; *p<=0.05, **p<=0.01, and ***p<=0.001. HC, healthy controls; PD, patients 1023 

with Parkinson’s disease. Of note, the CD49d expression was analysed by CyTOF while the 1024 

expression of the chemokine receptors was done using flow cytometry.  1025 
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Figure S5. CD4 TCM is reduced while CD4 T-helper subset balance is unaffected in 1027 

early-to-mid iPD. 1028 

 (A-E) Scatter dot plots showing the frequency of naïve (A), TCM (central memory) (B), intermediate 1029 

(C), effector (D) and TEMRA (E) CD4 T cells in PD and HC. (F) Gating strategy to define CD4 Th1, 1030 

Th2 and Th17 subsets based on the combinations of the expression of the chemokine receptors 1031 

CXCR3/CD183, CCR4/CD194, CCR6/CD196 and CCR7/CD197 in PD and HC using flow cytometry 1032 

analysis. Arrows indicate the workflow. (G) Scatter dot plots showing the expression of the master 1033 

transcriptions factor of CD4 T helper subset Tbet, GATA3 or RORγT in PD and HC. (H) Ratios 1034 

between T-bet+/GATA3+ and T-bet+/RORγT+ CD4 T cells in PD and HC, reflecting the ratios of 1035 

Th1/Th2 and Th1/Th17, respectively. (I) Scatter dot plots showing the frequency of Th1 1036 

(CXCR3+CCR6-CCR4-), Th2 (CXCR3-CCR6-CCR4+) and Th17-like (CXCR3-CCR6+) cells based on 1037 

the combinations of the expression of the chemokine receptors CXCR3, CCR4, CCR6 and CCR7. 1038 

Of note, the Th17-like data is also similar to our CyTOF data based on the more-strict Th17 gating 1039 

strategy (CD45RA-CCR4+CCR6+CXCR3-CXCR5-). (J) Ratios of Th1/Th2 and Th1/Th17 cells in PD 1040 

and HC. The ratios in J were calculated based on data of I. (K) Serological levels of analyzed 1041 

cytokines/chemokines in PD and HC. The results were analysed using an unpaired two-tailed 1042 

Student t test (A-E, G-J) or using Brown-Forsythe and Welch ANOVA test with Dunnette’s T3 1043 

multiple comparison test (K). Data are presented as mean of the given group± standard deviation 1044 

(s.d.). Each symbol represents the measurement from one individual participant (A-E, G-J, K). ns, 1045 

not significant; *p<=0.05, **p<=0.01, and ***p<=0.001. HC, healthy controls; PD, patients with 1046 

Parkinson’s disease. 1047 

 1048 

 1049 

 1050 

 1051 

 1052 

 1053 

 1054 
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 1060 

Supplemental Tables 1061 

Table S1. The exclusion criteria of the cohort. 1062 

Exclusion Criteria 
History or presence of medication taken  Corticosteroids  

Cytostatic drugs 
Immunosuppressive treatment 
Iodine* 

Medical history Autoimmune Disorders 
Chronic Infections 
Endocrine Diseases 
Gastrointestinal Diseases 
Haematological Diseases 
Immunodeficiency 
Malignancies  
Neurologic Diseases (other than Parkinson’s 
disease) 

* Iodine treatment could interfere with the mass cytometry (CyTOF) staining and was therefore 1063 

excluded. 1064 

 1065 

Table S2. Basic demographics and clinical information of the participants in the 1066 

cohort. 1067 

 
Parkinson's 
cases 
(n=28) 

Controls 
(n=24) 

P-value 

Male, % (n) 68 (19) 58 (14) 0.17 (Chi square 
test) 

Age at basic assessment, mean 
(SD)£ 

64.9 (6.97) 63.92(3.75) 0.54 (two-tailed 
Student t test) 

Age of Onset, mean (SD) 58.14 (9.42) NA NA 
Disease duration from 
diagnosis (years), mean (SD) 

6.64 (4.12) NA NA 

Disease duration from initial 
symptom(s), mean (SD) 

8.19 (5.37) NA NA 

Family History of Parkinson's 
Disease, % (n) 

43 (12) NA NA 

Hoehn and Yahr (H&Y) Staging 
scale, mean (SD) 

2.3 (0.42) NA NA 

UPDRS-III*, mean (SD) 39.69 
(13.15) 

NA NA 

LEDD¥, mean (SD) 610.58 
(344.06) 

NA NA 

MOCA€, mean (SD) 25.21 (3.82) NA NA 

 1068 
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£, descriptive statistics here includes information from all idiopathic and three genetic PD. 1069 
*UPDRS-III: Motor Examination. The physician does a number of tests to rate the cardinal 1070 
symptoms of PD such as rigidity, postural instability, facial expression etc. 1071 
¥LEDD: Levodopa Equivalent Daily Dose, so basically the sum of levodopa a patient is taking each 1072 
day. 1073 
€MOCA: Montreal Cognitive Assessment. Provides an overall cognitive profile (0-30, with 30 1074 
meaning no cognitive deficits). 1075 
NA, no data available or not applicable; SD, standard deviation. 1076 
 1077 

Table S3. Mass Cytometry (CyTOF) antibodies used to stain the whole blood. 1078 

Metal Isotope Antibody Clone Manufacturer Catalogue# 

89Y CD45 HI30 Fluidigm Part of MDIPA 

103Rh Live/Dead 

indicator 

 Fluidigm Part of MDIPA 

141Pr CD196 (CCR6) G034E3 Fluidigm Part of MDIPA 

142Nd CD117 (c-kit)* 104D2 Biolegend 313223 

143Nd CD123 6H6 Fluidigm Part of MDIPA 

144Nd CD19 HIB19 Fluidigm Part of MDIPA 

145Nd CD4 RPA-T4 Fluidigm Part of MDIPA 

146Nd CD8a RPA-T8 Fluidigm Part of MDIPA 

147Sm CD11c Bu15 Fluidigm Part of MDIPA 

148Nd CD16 3G8 Fluidigm Part of MDIPA 

149Sm CD45RO UCHL1 Fluidigm Part of MDIPA 

150Nd CD45RA HI100 Fluidigm Part of MDIPA 

151Eu CD161 HP-3G10 Fluidigm Part of MDIPA 

152Sm CD194 (CCR4) L291H4 Fluidigm Part of MDIPA 

153Eu CD25 BC96 Fluidigm Part of MDIPA 

154Sm CD27 O323 Fluidigm Part of MDIPA 

155Gd CD57 HCD57 Fluidigm Part of MDIPA 

156Gd CD183 (CXCR3) G025H7 Fluidigm Part of MDIPA 

158Gd CD185 (CXCR5) J252D4 Fluidigm Part of MDIPA 

159Tb KLRG1* SA231A2 Biolegend 367702 

160Gd CD28 CD28.2 Fluidigm Part of MDIPA 

161Dy CD38 HB-7 Fluidigm Part of MDIPA 

162Dy CD336 (NKp44)* P44-8 Biolegend 325102 

163Dy CD56 (NCAM) NCAM16.2 Fluidigm Part of MDIPA 

164Dy TCRgd B1 Fluidigm Part of MDIPA 

165Ho CD223 (LAG3) 11C3C65 Fluidigm 3165037B 
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166Er CD294 BM16 Fluidigm Part of MDIPA 

167Er CD197 (CCR7) G043H7 Fluidigm Part of MDIPA 

168Er CD14 63D3 Fluidigm Part of MDIPA 

169Tm CD49d* 9F10 Biolegend 304302 

170Er CD3 UCHT1 Fluidigm Part of MDIPA 

171Yb CD20 2H7 Fluidigm Part of MDIPA 

172Yb CD66b G10F5 Fluidigm Part of MDIPA 

173Yb HLA-DR LN3 Fluidigm Part of MDIPA 

174Yb IgD IA6-2 Fluidigm Part of MDIPA 

175Lu CD279 (PD1) EH12.2H7 Fluidigm 3175008B 

176Yb CD127 A019D5 Fluidigm Part of MDIPA 

 1079 

* in house conjugation using Maxpar X8 Antibody Labeling Kits MDIPA (201325, Fluidigm) 1080 

 1081 

Table S4. Flow cytometry antibodies used to stain the PBMCs of participants 1082 

analysed in this study. 1083 

Ab Target Fluorochrome Dilution Manufacturer Reference Clone 

Fc Blocking Abs / 1:50 BD 564765 / 

CD3* BUV737 1:100 BD 741822 HIT3a 

CD3* BV510 1:100 BD 564713 HIT3a 

CD4 BUV395 1:100 BD 563550 SK3 

CD8 BUV496 1:100 BD 564804 RPA-T8 

CD25 BV786 1:50 BD 741035 2A3 

CD25 BB515 1:50 BD 564467 2A3 

CD27 BB700 1:50 BD 566450 M-T271 

CD28 BUV785 1:50 BioLegend 302950 CD28.2 

CD31 BV605 1:50 BD 562855 WM59 

CD39 BV711 1:50 BioLegend 328228 A1 

CD45RA BV421 1:50 BioLegend 304130 HI100 
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CD45RA BV785 1:50 BioLegend 304140 HI100 

CD45RO PE-CF594 1:50 BD 562299 UCHL1 

CD57 FITC 1:50 BD 555619 NK-1 

CD71 FITC 1:50 BioLegend 334104 CY1G4 

CD98 BV786 1:50 BD 744507 UM7F8 

CD122 PE 1:50 BioLegend 339006 TU27 

CD127 (IL7R) BV421 1:50 BD 562436 HIL-7R-
M21 

CD127 (IL7R) BV711 1:50 BioLegend 351328 A019D5 

CD183 (CXCR3) PE 1:50 BD 560928 1C6/CXCR
3 

CD194 (CCR4) APC 1:50 BioLegend 359408 L291H4 

CD196 (CCR6) PE-Cy7 1:50 BD 560620 11A9 

CD197 (CCR7) BV421 1:50 BioLegend 353208 G043H7 

CD223 (LAG3) BV711 1:50 BioLegend 369320 11C3C65 

CD278 (ICOS) BV605 1:50 BioLegend 313538 C398.4A 

CD279 (PD-1) BV605 1:50 BioLegend 329924 EH12.2H7 

GLUT1 PE 1:500 Abcam ab209449 EPR3915 

KLRG1 PE-Cy7 1:50 BioLegend 368614 14C2A07 

Intracellular markers 

CD152 (CTLA4) PE-Cy5 1:20 BD 555854 BNI3 

FOXP3 APC 1:20 BioLegend 320114 206D 

Phospho S6 AF488 1:20 CST 4803S D57.2.2E 

Helios Pacific Blue 1:20 BioLegend 137220 22F6 

Ki-67 FITC 1:20 BD 561165 B56 

GATA3 PE-Cy7 1:20 BD 560405 L50-823 
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RORγT BV650 1:20 BD 563424 Q21-559 

T-bet PE 1:20 BioLegend 644810 4B10 

Eomes PE-Cy7 1:20 Thermo Fisher 
Scientific 

25-4877-42 WD1928 

Live/Dead APC-Cy7 1:500 Thermo Fisher 
Scientific 

L34976 / 

*, different flurorochromes might be used in different staining panels as we employed five staining 1084 
panels in parallel. 1085 

Table S5. Mass cytometry analysis reveals the percentages of major immune subsets 1086 

among living CD45+ singlets or among the relevant parent gates (Fig S1) in the 1087 

peripheral blood of early-to-mid stage iPD patients or matched healthy controls aged 1088 

60-70 years.  1089 

No. Items HC 
(n=24), 
mean 
(SD) 

PD 
(n=28), 
Mean 
(SD) 

P-value 
(two-
tailed t 
test) 

 Total number of living CD45+ singlets 627629 
(136842) 

679999 
(155232) 

0.22482 

 Among living CD45+ singlets 

1 ncMono plus interm Mono among living 
cells 

0.847 
(0.518) 

0.75 
(0.422) 

0.476922 

2 mDC among living cells 0.253 
(0.065) 

0.215 
(0.07) 

0.062098 

3 pDC among living cells 0.111 
(0.04) 

0.097 
(0.04) 

0.24072 

4 cMono among living cells 5.964 
(1.085) 

5.913 
(1.37) 

0.887997 

5 Basophils among living cells 0.81 
(0.445) 

0.662 
(0.253) 

0.154289 

6 NK among living cells 3.658 
(1.6) 

3.53 
(1.747) 

0.794596 

7 CD56highCD57- immature NK among 
living cells 

0.224 
(0.131) 

0.16 
(0.088) 

0.04992 

8 CD56midCD57- NK among living cells 1.619 
(0.78) 

1.549 
(0.989) 

0.788334 

9 CD56midCD57+ late NK among living 
cells 

1.815 
(1.174) 

1.823 
(1.181) 

0.982319 

10 Total ILCs among living cells 0.069 
(0.042) 

0.091 
(0.127) 

0.419163 

11 ILC1 among living cells 0.034 
(0.021) 

0.067 
(0.098) 

0.123848 

12 ILC2 among living cells 0.033 
(0.033) 

0.017 
(0.015) 

0.025059 

13 ILC3 among living cells 0.001 
(0.002) 

0.008 
(0.029) 

0.290684 

14 B cells among living cells 3.24 
(1.419) 

3.453 
(3.736) 

0.801529 
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15 CD27+CD38+ plasma cells among living 
cells 

0.02 
(0.021) 

0.015 
(0.01) 

0.313471 

16 CD20-HLADR+ among living cells 0.12 
(0.37) 

0.62 
(2.09) 

0.270256 

17 CD20+HLADR+ among living cells 3.082 
(1.363) 

2.731 
(3.217) 

0.635057 

18 CD27-IgD+ naïve B cells among living 
cells 

2.12 
(1.25) 

1.379 
(1.282) 

0.04885 

19 CD27+IgD- class-switched memory B 
among living cells 

0.395 
(0.226) 

0.385 
(0.368) 

0.911043 

20 CD27+IgD+ IgM memory among living 
cells 

0.39 
(0.253) 

0.781 
(2.146) 

0.39954 

21 Total T cells among living cells 21.318 
(5.235) 

17.673 
(4.946) 

0.016814 

22 TCRgd- classic T cells among living cells 20.835 
(5.119) 

17.198 
(4.728) 

0.013785 

23 CD8+ T among living cells 5.42 
(2.514) 

5.372 
(2.671) 

0.950139 

24 CD45RA-CCR7- CD8 TEM among living 
cells 

0.795 
(0.453) 

0.748 
(0.43) 

0.712639 

25 CD45RA-CCR7+ CD8 CM among living 
cells 

1.528 
(0.963) 

0.955 
(0.536) 

0.012486 

26 CD45RA+CCR7- CD8 TEMRA  among 
living cells 

2.165 
(1.829) 

2.839 
(2.109) 

0.247063 

27 CD45RA+CCR7+ CD8 naïve T among 
living cells 

0.783 
(0.567) 

0.72 
(0.613) 

0.713217 

28 CD4+ among living cells 14.776 
(3.947) 

11.321 
(2.945) 

0.001126 

29 CD45RA- CD4 among living cells 8.371 
(2.389) 

7.099 
(1.927) 

0.046814 

30 CD4 CXCR3+CCR6-CCR4-CXCR5- Th1 
among living cells 

1.829 
(0.745) 

1.636 
(0.958) 

0.443708 

31 CD4 CXCR3-CCR6-CCR4+CXCR5- Th2 
among living cells 

1.246 
(0.535) 

1.01 
(0.41) 

0.090831 

32 CD4 CXCR3-CCR6+CCR4+CXCR5-
Th17 among living cells 

0.519 
(0.319) 

0.549 
(0.329) 

0.749899 

33 CD4 CXCR5+Tfh among living cells 1.741 
(0.678) 

1.304 
(0.485) 

0.012681 

34 CD45RA-CCR7- CD4 T among living 
cells 

1.527 
(0.594) 

1.756 
(0.81) 

0.276958 

35 CD45RA-CCR7+ CD4 T among living 
cells 

6.848 
(2.238) 

5.345 
(1.518) 

0.008301 

36 CD45RA+CCR7- CD4 T  among living 
cells 

0.547 
(0.598) 

0.566 
(0.647) 

0.91715 

37 CD45RA+CCR7+ CD4 T among living 
cells 

5.699 
(3.643) 

3.55 
(1.543) 

0.00885 

38 TCRgd+ T among living cells 0.483 
(0.341) 

0.475 
(0.376) 

0.943847 

39 NKT among living cells 2.407 
(2.604) 

2.431 
(1.738) 

0.969286 

40 CD8+ NKT among living cells 1.33 
(1.146) 

1.722 
(1.345) 

0.287332 

41 CD4+ NKT among living cells 0.973 
(1.737) 

0.546 
(0.869) 

0.27652 

42 Eosinophils among living cells 2.682 
(1.914) 

1.628 
(1.005) 

0.018555 

43 Neutrophils among living cells 54.853 
(13.872) 

62.153 
(8.156) 

0.028426 
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 Among parent gate 

44 ncMono plus interm Mono among CD3-
CD19-CD56-+HLADR+ 

11.35 
(5.243) 

10.469 
(4.895) 

0.550335 

45 cDC among CD14-CD38+ 58.174 
(5.712) 

56.277 
(9.996) 

0.434193 

46 pDC among CD14-CD38+ 25.269 
(6.242) 

25.391 
(8.386) 

0.955228 

47 cMono among CD56-+HLADR+ 82.436 
(5.429) 

83.938 
(5.407) 

0.343294 

48 Basophils among CD56-HLADR- 58.465 
(18.293) 

55.279 
(15.374) 

0.515111 

49 NK among CD3-CD19- 28.807 
(8.605) 

28.745 
(10.793) 

0.982812 

50 CD56highCD57- immature NK among NK 7.04 
(4.954) 

6.009 
(5.045) 

0.47997 

51 CD56midCD57- among NK 46.359 
(13.894) 

43.532 
(15.477) 

0.511909 

52 CD56midCD57+ late NK among NK 46.593 
(16.195) 

50.501 
(16.552) 

0.414395 

53 Total ILCs among CD14-CD38+ 1.831 
(1.191) 

2.776 
(3.886) 

0.276966 

54 ILC1 among ILCs 56.917 
(22.262) 

67.578 
(21.7) 

0.100179 

55 ILC2 among ILCs 40.648 
(23.368) 

28.852 
(22.595) 

0.082335 

56 ILC3 among ILCs 2.447 
(3.122) 

3.641 
(5.285) 

0.356174 

57 CD19 B cells among CD66b-CD45+ 8.33 
(3.671) 

9.264 
(8.883) 

0.646487 

58 CD20-HLADR+ among B cells 2.966 
(7.355) 

7.78 
(20.574) 

0.301677 

59 CD27+CD38+ plasma cells among CD20-

HLADR+ B cells 
40.636 
(23.249) 

41.301 
(22.297) 

0.919915 

60 CD20+HLADR+ among B cells 95.712 
(7.352) 

90.113 
(22.339) 

0.265394 

61 CD27-IgD+ naïve among CD20+HLADR+ 66.453 
(14.11) 

54.928 
(20.903) 

0.032729 

62 CD27+IgD- class-switched memory 
among CD20+HLADR+ 

13.723 
(6.809) 

17.912 
(9.271) 

0.085198 

63 CD27+IgD+ IgM memory among 
CD20+HLADR+ 

13.893 
(8.827) 

17.886 
(16.107) 

0.303826 

64 CD56- among CD3+CD19- 89.615 
(7.828) 

86.881 
(6.587) 

0.19508 

65 TCRgd- classic T cells among total T 
cells 

97.757 
(1.451) 

97.493 
(1.734) 

0.574621 

66 CD4-CD8+ among classic T cells 25.705 
(9.137) 

30.118 
(9.619) 

0.1116 

67 CD45RA-CCR7- TEM among CD8 15.245 
(7.516) 

13.889 
(4.561) 

0.446601 

68 CD45RA-CCR7+ CM among CD8 28.582 
(11.591) 

19.871 
(10.181) 

0.007914 

69 CD45RA+CCR7- TEMRA among CD8 36.179 
(17.486) 

49.607 
(16.594) 

0.008928 

70 CD45RA+CCR7+ naïve among CD8 17.326 
(14.998) 

14.272 
(11.24) 

0.424869 

71 CD4+CD8- among classic T cells 71.145 
(9.198) 

66.911 
(9.867) 

0.132923 
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72 Th1 among CD4 CCR4-CXCR5- 61.282 
(16.004) 

54.486 
(16.115) 

0.150608 

73 Th2 among CD4 CCR4+CXCR5- 35.101 
(11.204) 

34.506 
(11.046) 

0.854118 

74 Th17 among CD4 CCR4+CXCR5- 14.757 
(7.026) 

18.987 
(11.054) 

0.127509 

75 Tfh among CD4 CD45RA- 20.455 
(3.61) 

18.299 
(4.566) 

0.079396 

76 CD45RA-CCR7- TEM among CD4 12.154 
(8.916) 

15.618 
(5.296) 

0.102741 

77 CD45RA-CCR7+ CM among CD4 47.508 
(12.756) 

47.847 
(9.05) 

0.914884 

78 CD45RA+CCR7- TEMRA among CD4 4.052 
(4.889) 

4.934 
(5.083) 

0.545261 

79 CD45RA+CCR7+ naïve among CD4 35.278 
(16.482) 

30.65 
(10.146) 

0.240098 

80 TCRgd+ T among CD56- 2.24 
(1.452) 

2.506 
(1.736) 

0.570601 

81 Total NKT among  CD56+ 85.402 
(12.74) 

83.294 
(15.719) 

0.616183 

82 CD8+ NKT among NKT 59.129 
(20.227) 

70.188 
(16.402) 

0.041839 

83 CD4+ NKT among NKT 33.515 
(22.057) 

20.707 
(16.692) 

0.026705 

84 Eosinophils among CD66b+CD45mid 4.529 
(3.466) 

2.604 
(1.61) 

0.014893 

85 Neutrophils among CD66b+CD45mid 90.811 
(19.671) 

97.055 
(1.653) 

0.114084 

86 CD27+CD38+ plasma cells among B 
cells 

0.64 
(0.58) 

0.91 
(1.11) 

0.304309 

87 CD27-IgD+ naive among B cells 64.28 
(15.04) 

51.7 
(23.15) 

0.033506 

88 CD27+IgD- class-switched among B cells 12.74 
(4.82) 

15.03 
(8.13) 

0.252162 

89 CD27+IgD+ IgM memory among B cells 13.01 
(7.8) 

15.6 
(15.92) 

0.489398 
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