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Abstract 

Interleukin(IL)-17 producing gamma delta (γδT17) cells are innate lymphocytes critical for 

anti-bacterial protection at barrier surfaces such as the skin but also highly pathogenic 

during inflammation. It is therefore important to understand the cellular and molecular 

mechanisms that could counter-balance overt γδT17 cell activation. Immune checkpoint 

receptors (ICRs) deliver inhibitory signals to activated lymphocytes and have been 

implicated as negative regulators of mouse γδT17 cells. In this report we investigated the 

cytokine signals that induce ICR expression on γδT17 cells and studied the in vivo role of the 

Src-homology-2 phosphatases 1 and 2 (SHP-1 and SHP-2) in the context of γδT17-induced 

psoriasis. We found that surface expression of ICRs can be induced by cytokines, however, 

SHP-1 or SHP-2 could not inhibit γδT17 responses. In this regard, conditional deletion of 

SHP-1, SHP-2 or both did no impact γδT17 cell development, expansion, cytokine 

production or skin pathology.  
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We found that cytokine activation induces surface expression of immune checkpoint 

receptors (ICRs) on IL-17-producing γδ T cells (γδT17) cells. However, cell intrinsic 

deficiency in the inhibitory ICR-associated phosphatases SHP-1 and SHP-2 did not impact 

the development and activation of γδT17 cells or their ability to induce skin inflammation. It is 

plausible that ICRs regulate γδT17 cells indirectly.  
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Immune checkpoint or inhibitory receptors (ICRs) belong to the immunoglobulin superfamily 

(IgSF) or are C-type lectins [1]. Although a number of ICRs display constitutive expression, 

they are often up-regulated in T and other immune cells following activation, and function in 

order to prevent overt proliferation or cytokine production [1-3]. Most ICRs contain 

intracellular immunoreceptor tyrosine inhibitory or switch motifs (ITIM or ITSM) and can 

convey inhibitory signals through the recruitment of the Src-homology-2 phosphatases 1 and 

2 (SHP-1 and SHP-2) [1,4]. Thus, ligand binding results in phosphorylation of the signaling 

motif, recruitment and activation of SHP-1 and SHP-2. Therefore, initiating proximal de-

phosphorylation events that dampen down ongoing signaling [1,3]. It is therefore important 

that such inhibitory events are tightly regulated in order to avoid over-inhibition. In this 

regard, constitutive antigenic stimulation of T cells during chronic viral infections or in some 

cancers, ensues constitutive ICR expression and consequently constant transmission of 

inhibitory signals. This renders T cells at a state of functional “exhaustion” allowing escape of 

the virus or the tumor [5-7]. Blockade of ICRs with specific antibodies has been shown to 

revert T cell functionality and to re-establish productive responses [8,9]. 

Although T cell “exhaustion” may be seen as a hallmark in some viral and cancer-

associated diseases, this is not the case in chronic inflammation despite constitutive T cell 

activation. As such, recent data have shown that in the context of juvenile idiopathic arthritis, 

CD8+ T cells that express the ICR programmed death-1 (PD-1) are highly active and 

pathogenic with no signs of exhaustion [10]. This discrepancy is most likely attributed to the 

immuno-suppressive environment imposed by viral infections and cancers, such as 

production of type I interferons, interleukin(IL)-10 and transforming growth factor beta 1 

(TGFβ1) [11]. In contrast, inflammation is associated with the production of strong, often 
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systemic, stimulatory factors. Nevertheless, mice with inactive SHP-1 show uncontrolled 

inflammation and die prematurely after birth, suggesting an important role of SH 

phosphatases in regulating inflammatory cells [12,13]. In this regard, conditional deletion of 

SHP-1 on T cells led to exaggerated type 2 immune responses [14], while deletion of SHP-2 

resulted in increased susceptibility to intestinal pathology in a mouse model of colitis [15].  

IL-17-producing gamma delta T (γδT17) cells are innate-like lymphocytes that reside at 

barrier surfaces and secondary lymphoid tissues and become rapidly activated in response 

to infection- and inflammation-induced cytokines [16,17]. A number of mouse models and 

human studies have implicated γδT17 cells as a critical pathogenic subset in psoriasis, with 

the IL-23-STAT3 signaling axis being a major driver of activation and pathogenicity [18-20]. 

In addition to IL-23, IL-7-mediated STAT3 signaling and IL-1β have also been shown to 

sustain inflammatory skin γδT17 cells [19,21,22]. Counter-regulating γδT17-driven skin 

inflammation are the ICRs B and T Lymphocyte Associated (BTLA) and PD-1 [23,24]. BTLA 

is expressed constitutively at low levels in γδT17 cells but can be induced by IL-2 and IL-7 in 

a STAT5-dependent manner [23], whereas PD-1 is induced after inflammation [24]. Mice 

deficient in either BTLA or PD-1 present with exaggerated psoriasis-associated inflammation 

and increased γδT17 activation [23,24].  

Despite the above early observations, it is currently not known which ICRs can be 

expressed by γδT17 cells when activated and whether SHP-dependent signaling is required 

cell-intrinsically in order to regulate their response to inflammatory stimuli. Herein we 

attempted to answer these questions by analyzing ICR expression following cytokine 

stimulation and by generating mice conditionally deficient for the genes coding SHP-1 and 

SHP-2 or both. Our data show that the cytokines IL-7, IL-1β and IL-23 regulated expression 
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of surface ICRs including BTLA, PD-1, CTLA-4, CD31, KLRG1 and LAG-3 and reveal that 

SHP-1 and SHP-2 signaling is dispensable for γδT17 cell activation and psoriasis-like 

inflammation.   

 

Results & Discussion 

Expression of ICRs on γδT17 cells 

Although we and others have reported expression of BTLA and PD-1 on lymph nodes (LNs) 

and skin γδT17 cells respectively [23,24], a comprehensive ICR phenotypic analysis and the 

signals that induce their expression was lacking. We therefore investigated surface levels of 

a number of ICRs on γδT17 cells [25,26] (gating strategy in Fig. S1A) isolated from LNs 

before and after activation with the cytokines IL-7, IL-1β and IL-23. We chose ICRs that had 

been shown to associate with SHP-1 and SHP-2 and by using flow cytometry we assessed 

the surface expression of BTLA, PD-1, KLRG1, CTLA-4, and CD31. We additionally 

interrogated LAG-3 as a non-SHP interacting ICR [1]. BTLA was induced by all cytokines 

with IL-1β and IL-23 having an additive and stronger effect than IL-7 (Fig. 1A). Expression of 

PD-1 was increased equally by IL-7 and IL-1β, while IL-23 stimulation induced the highest 

PD-1 upregulation (Fig. 1B). Interestingly, combined IL-1β and IL-23 inhibited PD-1 induction 

(Fig. 1B). Surface CTLA-4 was barely detectable and only showed substantial induction 

when the cells were cultured with both IL-1β and IL-23 (Fig. 1C). While IL-7 and IL-23 

induced some surface CD31, IL-1β had the strongest effect (Fig. 1D). Surface levels of 

KLRG1 were only induced by IL-7 (Fig. 1E). LAG-3 expression was marginally induced by 
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IL-1β and IL-23 but not IL-7 (Fig. 1F). This data suggested that cytokine stimulation can 

upregulate ICR expression in γδT17 cells.  

To test if ICRs can be induced on the surface of γδT17 cells in vivo (gating strategy in 

Fig. S1B), we induced psoriasis-like inflammation with 5% imiquimod (IMQ) cream, a model 

that is dependent on IL-7, IL-23 and IL-1β signaling. Of the above ICRs, only PD-1 showed 

substantial induction and only in the skin (Fig. S1B for skin γδT17 gating) (not shown) as 

reported previously [24]. Collectively, this data suggests that ICRs display constitutive as 

well as dynamic expression patterns on γδT17 cells depending on cytokine signaling. 

 

SHP-1 and SHP-2 are not required for γδT17 cell development or homeostasis 

Next, we wanted to assess whether signaling downstream of ITIM/ITSM containing ICRs 

was important for γδT17 cell development and function. Since, most of the ICRs that we 

tested previously for inducible expression have been shown to interact with SHP-1 and SHP-

2 we focused on investigating the importance of these two phosphatases. To achieve this, 

we crossed mice where expression of the Cre recombinase is driven by the RORγt promoter 

(RORγtCRE) [27,28] with mice where genes coding for SHP-1 (Ptpn6) and SHP-2 (Ptpn11) 

were floxed (noted as SHP1F/F or SHP2F/F) [29,30]. Deletion efficiency was confirmed by 

analysis of Ptpn6 and Ptpn11 mRNA in FACS-sorted γδT17 compared to CD27+ γδ T cells 

(Fig. S1C-D). We have previously tested the efficiency of the RORγtCRE in γδT17 cells using 

RORγtCRE-ROSA-STOPflox-RFP mice and found over 80% reporter activity and below 20% 

for other T cell subsets [20]. Using the resulting RORγtCRE-SHP1F/F and RORγtCRE-SHP2F/F 

mice, we analyzed γδT17 cell numbers in the LNs and skin as well as IL-17A production. At 
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steady-state, we found no difference in the numbers of LN and skin γδT17 cells between 

RORγtCRE-SHP1F/F or RORγtCRE-SHP2F/F and littermate control mice (Fig. 2A-B). Similarly, 

production of IL-17A was unaffected by lack of SHP-1 or SHP-2 (Fig. 2C). In order to 

account for redundancy between SHP-1 and SHP-2, we additionally generated mice which 

were deficient in both (RORγtCRE-SHP1/2F/F). However, neither γδT17 numbers nor their 

ability to secrete IL-17A was affected (Fig 3A-B). Therefore, SHP-1- and SHP-2-mediated 

signaling is not required for the development, homeostasis and functional maturation of 

γδT17 cells. 

 

SHP-1 and SHP-2 are dispensable for γδT17 inflammatory responses 

Previous studies have linked deficiency in PD-1 and BTLA with exaggerated γδT17 cell 

responses and higher degree of inflammation in the skin during IMQ-induced psoriasis 

[23,24]. We therefore assessed whether mice conditionally deficient in SHP-1, SHP-2 or 

both displayed susceptibility to hyper-activation following IMQ treatment. In all three mouse 

strains, cells from littermate control mice expanded and produced IL-17A to a similar degree 

compared to their phosphatase-deficient counterparts (Fig. 2A-C and Fig 3A-B). 

Furthermore, epidermal thickening was not higher in deficient mice, indicating that overall 

skin inflammation was unaffected by lack of SHP-1 and SHP-2 (Fig. 2D and Fig. 3C-D). 

These results suggest that in this model, or indeed in psoriasis, signaling driven by SHP-1 

and SHP-2 does not regulate γδT17 cell responses. 

 

Concluding Remarks 
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One explanation of this outcome is that there are compensatory phosphatases that can 

transmit ICR-mediated inhibitory signaling when SHP-1 and SHP-2 are absent, however, this 

is currently unknown. Alternatively, ICRs may also inhibit T cell activation by preventing co-

stimulation through ligand binding antagonization as is the case with CTLA-4 and PD-1 

[31,32], a mechanism that is ITIM/ITSM-independent. Finally, during strong inflammatory 

stimuli, inhibitory ITIM/ITSM signaling may not be enough to directly suppress T cells. The 

latter may explain why T cells in chronic inflammatory conditions express ICRs but are not 

rendered dysfunctional [10]. Thus, due to the strong pro-inflammatory nature of γδT17 cells 

and the psoriatic environment, direct ICR signaling may be insufficient for inhibition. 

Although ICRs like BTLA and PD-1 can definitely negatively regulate γδT17 cells, our current 

data would suggest that this may not be due to direct SHP-mediated signaling. 

 

Materials & Methods 

Mice 

All animal breeding and experiments were performed in house and only after approval from 

the Danish Animal Experiments Inspectorate. RORγtCRE mice were provided by Gerard Eberl 

(Pasteur Institute, Paris, France) [27]. SHP1F/F and SHP2F/F mice were provided by Benjamin 

Neel (University of Ontario, Canada) and Yotis Senis (University of Birmingham, UK) [29,30]. 

SHP1/2F/F were generated by intercrossing in our facility.  

 

IMQ-induced psoriasis and histology 
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To induce psoriasis, mice were anesthetized using isoflurane and 10mg of 5% Aldara™ 

cream (MEDA) was applied daily for 7 days at the dorsal side of both ears. For histology, ear 

tissue was fixed in 10% formalin overnight and paraffin embedded sections were H&E 

stained.   

  

Cell preparation and culture 

Preparation of cells from auricular and cervical LNs and ear skin as well culture for the 

detection of intracellular cytokines was carried out as described before [20]. To induce 

surface ICRs, 5x106 LN cells were cultured for 2 days with 20ng/ml IL-7 (R&D Systems), 

20ng/ml IL-1β, 40ng/ml IL-23 or a combination of IL-1β and IL-23.     

 

Flow Cytometry 

Cells were stained in U-bottom 96-well plates in 75μl PBS containing 3% FBS with 

combinations of the following antibodies: CD4-FITC or -BUV395 (RM4-4), CD19-FITC (6D5), 

TCRβ-APCeF780 (H57-597; eBioscience), TCRγδ-BV421 (GL3), CD44-V500 (IM7), CCR6-

AF647 (140706), Vγ4-PerCPeF710 (UC3-10A6), CD27-PECy7 (LG.3A10), Vγ5-FITC (536), 

CD45-V500 (30-F11), IL-17A-BV786 (TC11-18H10), CD3-PECF594 or -PE (145-2C11, 

Biolegend), BTLA-PE (6F7), PD-1-PECy7 (J43, eBioscience), LAG-3-APC (C9B7W, 

Biolegend), KLRG1-BV786 (2F1), CTLA-4-PECF594 (UC10-4F10-11), CD31-BUV395 (390). 

For surface and intracellular cytokine staining the procedures were described before [20]. 

Unless specified all antibodies and staining reagents were purchased from BD Biosciences. 
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Samples were acquired on a BD LSR Fortessa™ using BD FACSDiva software v8.0.2. All 

flow cytometric procedures were performed adhering to the guidelines for the use of flow 

cytometry and cell sorting in immunological studies [33] 

Cell sorting, RNA extraction, cDNA synthesis and Real-Time PCR 

Lymph node TCRγδ+CD44highCD27− or TCRγδ+CD27+ cells from RORγtCRE-SHP1F/F, 

RORγtCRE-SHP2F/F, RORγtCRE-SHP1/2F/F or  Cre− littermates were FACS-sorted in RLT buffer 

(Qiagen) supplemented with 2-mercaptoethanol. Total RNA was extracted using the RNeasy 

micro kit (Qiagen) and then used for cDNA synthesis using the iScript cDNA synthesis kit 

(BioRad), according to the manufacturers’ protocols. SsoFast EvaGreen supermix (BioRad) 

was used to catalyze real-time PCR reactions, which were performed on CFX96 (BioRad) 

cycler and analyzed using the Bio-Rad CFX manager software. Gene expression levels were 

normalized to that of beta-actin. The following primers were used: Ptpn6(Shp1), Fwd-

GGACTATGACCTGTACGG, Rev-GCTGCGTGTAATACTCGACCA, Ptpn11b(Shp2), Fwd-

AGAGGGAAGAGCAAATGTGTC, Rev-CTGTGTTTCCTTGTCCGACCT. 

 

Data Analysis & software 

Flow cytometry data was analyzed using Flow Jo v10. H&E sections were photographed on 

an  

Leica DMRB microscope or a Zeiss Imager M1 at 10x magnification. Epidermal thickening 

was measured using Zen 3.0 (Blue edition). 
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Statistical analysis 

All graphs were generated and statistical analyses were performed using Prism v8. We used 

unpaired non-parametric Mann-Whitney U-test for statistical analyses in Figures 2 and 3 and 

non-parametric ANOVA (Kruskal-Wallis test) with multiple comparisons and Dunn’s 

correction for Figure 1. In graphs, only statistically significant differences are denoted    

eji201948456-sup-0001-SuppMat.pdf 
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Figure 1. Surface expression of immune checkpoint receptors on γδT17 cells 

following cytokine stimulation 

Lymph node cells were cultured for 2 days with IL-7, IL-1β, IL-23 or nothing and surface 

expression of BTLA (A), PD-1 (B), CTLA-4 (C), CD31 (D), KLRG1 (E) and LAG-3 (F) on 

CD27CD44+ γδT17 cells were analyzed by flow cytometry. In graphs, each symbol 

represents one experiment and line the median (n = 5-6 experiments). For each experiment 

lymph nodes from 3-4 mice were pooled. Flow cytometry histograms are a representative of 

those. *Asterisks denote statistical significance compared to all other treatments. *p < 0.05, 

**p < 0.01, ***p < 0.001 using non-parametric ANOVA (Kruskal-Wallis test) with multiple 

comparisons and Dunn’s correction. 
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Figure 2. γδT17 cells in RORγtCRE-SHP1F/F and RORγtCRE-SHP2F/F mice at steady-state 

and during skin inflammation 
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Flow cytometric analysis of lymph node or skin γδT17 cells in RORγtCRE-SHP1F/F, RORγtCRE-

SHP2F/F (Cre+) and littermate control mice (Cre−) and histological analysis before and after 

IMQ-induced psoriasis. In graphs, each symbol represents a mouse or experiment and line 

the median. (A-B) Numbers of γδT17 cells in the LN (A) or skin (B) before (steady-state) and 

after (IMQ) IMQ-induced psoriasis. (C) Frequency of LN IL-17A+ γδ T cells before (steady-

state) and after (IMQ) IMQ-induced psoriasis. Steady-state: n = 4-5; data combined from 2 

experiments, IMQ: n = 7-9; data combined from 2 experiments. (D) Quantification of 

epidermal thickening in RORγtCRE-SHP1F/F or RORγtCRE-SHP2F/F mice from H&E stained 

sections. Steady-state: n = 4-5; data combined from 2 experiments, IMQ: n = 7-9; data 

combined from 2 experiments (n = number of mice). 
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Figure 3. γδT17 cell responses and skin inflammation in mice with combined 

conditional deficiency in SHP-1 and SHP-2. 

Flow cytometric analysis of lymph node or skin γδT17 cells in RORγtCRE-SHP1/2F/F (Cre+) 

and littermate control mice (Cre−) and histological analysis before and after IMQ-induced 

psoriasis. In graphs, each symbol represents a mouse or experiment and line the median. 

(A) Numbers of γδT17 cells in the LN and skin before (steady-state) and after (IMQ) IMQ-

induced psoriasis. (B) Frequency of LN IL-17A+ γδ T cells before (steady-state) and after 

(IMQ) IMQ-induced psoriasis. Steady-state: n = 6-10; data combined from 4 experiments, 

IMQ: n = 10-12; data combined from 3 experiments. (C) Representative micrographs 

indicating ear skin sections stained for H&E before and after IMQ-induced psoriasis (scale 

bar = 200μm,10X magnification). Graph shows quantification of epidermal thickening from 

H&E stained sections. Steady-state: n = 4; data combined from 2 experiments, IMQ: n = 10-

12; data combined from 3 experiments. Each symbol is the average thickening from 5 

micrographs measured in μm (n = number of mice). 




