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Abstract 

Despite the immense progresses accomplished in recent years in cancer immunotherapy, relatively few patients benefit from 

adoptive T cell therapies in the long-term. To address the lack of lasting efficiency and persistence of adoptive T cell therapy 

products in vivo, we used CRISPR/Cas9 to knockout PD-1 (PDCD1) in cord blood (CB)-derived recombinant TCR (rTCR) 

CD8+ T cells with the aim of generating T cell therapy products resistant to PD-1/PD-L1 inhibition. We then assessed key 

T cell functions in vitro and found that in the context of a PD-1 knockout efficiency of 40%, the PD-1 deletion did not 

hinder nor improve T cell cytotoxicity in the short-term. To mimic the potential long-lasting effects of PD-1 deletion within 

the in vivo tumour-mediated immunosuppressive environment, we adapted an in vitro exhaustion system to allow the testing 

of the CB-derived rTCR T cells and achieved phenotypic exhaustion and partial functional exhaustion. Within this setting, 

we found no clear contribution of the PD-1 knockout to exhaustion onset nor exhaustion reversal. Nevertheless, the future 

use of the in vitro exhaustion system for the pre-clinical testing of adoptive T cell therapy products will help delineate whether 

‘exhaustion-proof’ T cells are achievable, and most importantly, predict the consequences of their use in vivo.  
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Introduction 

Despite the innumerate scientific and regulatory breakthroughs in recent years in the field of cancer immunotherapy, many 

challenges remain unsolved. T cell immunotherapy, whereby CD8+ T cells originating from tumour-infiltrating lymphocytes 

(TILs) or peripheral blood and subsequently engineered to recognize tumour-associated antigens (TAAs) are expanded ex 

vivo prior to reinfusion in vivo, has taken its rightful place alongside traditional cancer treatment methods. However, not all 

patients can benefit from adoptive T cell therapy, with the most important bottleneck being the need for immunogenic 

cancers to allow recognition and targeting of T cells to tumours (i.e. central tolerance). Even so, two important hurdles 

hinder the success of T cell immunotherapies, peripheral tolerance and tumour-associated immune suppression, and much 

concerted scientific effort has gone into overcoming both challenges (Borst et al., 2018; Chandran & Klebanoff, 2019). 

Within the latter, checkpoint blockade – whereby antibodies targeting inhibitory receptors on T cells or their ligands on 

tumour cells (or tumour-associated immune cells) are used to block repressive signaling – represents one of the most 

promising achievements of recent decades. Both cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed 

cell death protein 1 (PD-1) blockade have since gained regulatory approval for multiple cancer types (Rotte, 2019). More 

recently, gene-editing strategies have arisen to directly limit the immune-suppressive influence of the tumour 

microenvironment (TME) on T cell function and persistence, by reinforcing co-stimulatory and survival molecules, or by 

eliminating the presence of inhibitory receptors (IRs) on T cells themselves (Rath & Arber, 2020). In line with these research 

avenues, here we performed a PD-1 knockout (KO) using CRISPR/Cas9 with the final aim of increasing the efficiency of 

T cell immunotherapy products in vivo by preventing inhibitory signaling via the PD-1-PD ligand 1 (PD-L1) axis within the 

tumour-associated immunosuppressive environment.  

PD-1 is the key inhibitory receptor that has been widely recognized as both a phenotypic marker of, but also a contributor 

to T cell exhaustion. This dysfunctional T cell state has been coined to describe the step-wise deterioration and ultimately 

loss of T cell functions observed in the chronic antigen exposure setting in mice (Gallimore et al., 1998; Zajac et al., 1998), 

and later identified in humans as a result of chronic viral infections (Barber et al., 2006; Fenwick et al., 2019; Wherry, 2011) 

or cancer (Baitsch et al., 2011; Crespo et al., 2013). Phenotypically, this altered differentiation state is reflected by sustained 

multiple inhibitory receptor expression, such as PD-1, TIM-3 and LAG-3 (among others), and this phenotype is 

accompanied by changes in transcription factor expression, cellular metabolism, and epigenetic signatures (Blackburn et al., 

2009; McLane et al., 2019; Wherry, 2011; Wherry & Kurachi, 2015). Within the cancer setting, PD-1 has been shown to be 

highly expressed by TILs within the TME (Ahmadzadeh et al., 2009; Baitsch et al., 2011; Li et al., 2019; Zhang et al., 2010), 

and most importantly, T cell immunotherapy products have been shown to be negatively affected by tumour-associated 

immune suppression and in particular high IR signaling, concurrent with an increase in IR expression on T cell surface and 

loss of function and persistence (Blank et al., 2004; Cherkassky et al., 2016; Rupp et al., 2017; Zolov et al., 2018). In this 

context, checkpoint blockade using monoclonal antibodies has revolutionized cancer treatment; specifically, the inhibition 

of the PD-1-PD-L1 axis has been shown to (partially) reverse the exhaustion state of TILs across multiple cancer types, 

thereby rescuing T cell function and ultimately leading to tumor regression and increasing patient survival (Blank et al., 2006; 

Hirano et al., 2005; Iwai et al., 2005; Strome et al., 2003). Given the promise of PD-1-targeted therapies, recent efforts have 

focused on combining adoptive T cell therapy with gene-editing of PDCD1 (i.e. gene encoding PD-1) using, among others, 

the CRISPR/Cas9 system. Multiple pre-clinical studies have so far shown that (multiplexed) PD-1 gene-editing in either 

chimeric antigenic receptor (CAR) T cells or recombinant TCR (rTCR) T cells is reasonably efficient with limited off-target 

toxicity, overall leading to enhanced effects – proliferation, cytokine secretion, and/or cytotoxicity – of T cell therapy 

products in vitro (Choi et al., 2019; Su et al., 2016). Furthermore, in murine (hematological and solid) cancer models, PD-1KO 

CAR or rTCR T cells showed better tumor control and increased survival compared to PD-1CTRL cells (Choi et al., 2019; Hu 

et al., 2019; Ren et al., 2017; Rupp et al., 2017; Z. Zhao et al., 2018). Thus, the relevance of PD-1 deletion has been strongly 

validated, enabling (partial) reversibility of T cell exhaustion via PD-1 blockade and protection from (early) exhaustion of T 

cell therapy products in vivo; however, despite these insights, little is known about the direct contribution of PD-1 signaling 

(among other inhibitory receptors) to the onset and immunogenesis of T cell exhaustion in different settings.     

This project therefore aimed to first extend current successes with PD-1 deletion in peripheral blood (PB)-derived T cell 

immunotherapy products to umbilical cord blood (CB)-derived T cells, due to their potentially higher anti-tumour effects 

compared to PB-derived T cells (Hiwarkar et al. (2015); for a more detailed view on the use of CB T cells in cancer 

immunotherapy, refer to Lo Presti et al. (2018)). We thereby addressed whether knocking out PD-1 in CB-derived CD8+ T 

cells engineered to target the promising TAAs Wilms’ Tumor protein 1 (WT1) or PReferentially expressed Antigen in 
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MElanoma (PRAME) either hinders or improves T cell function in vitro in the short-term through assays such as the mixed 

leukocyte reaction (MLR) assay as a measure of T cell proliferation and T cell killing assays to inform on direct cytotoxicity 

and cytotoxic cytokine secretion ability. To enable the characterization of gene-edited recombinant TCR (rTCR)-T cells in a 

setting that better resembles the in vivo immunosuppressive environment, we adapted the in vitro exhaustion model developed 

by Zhao et al (2020) to allow the assessment of the effect of PD-1 KO on T cell function and protection against dysfunction 

in primary CB-derived rTCR-T cells.  
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Results 

Knocking-out PD-1 in CB-derived CD8+ T cells 

I. T cell (re)stimulation is needed to determine PD-1 KO efficiency phenotypically 

 
Figure 1: PD-1 as activation marker and the need for T cell restimulation to discriminate CTRL and PD-1 KO cells. A: PD-1 
expression levels throughout the culture protocol were evaluated using flow cytometry and plotted as MFI (n=3-12 for various time-
points; mixed effects analysis). Cells were mock-electroporated. B: Histogram overlay depicting a representative FACS plot of PD-1 
levels of a CD8+ T cell culture at different time-points. C: Representative FACS plots showing the size and granularity of CD8+ T cells 
(FSC-A and SSC-A respectively) at different time-points, indicating the relationship between cell shape, activation, and cell death 
throughout culture protocol. D: Bar plots depicting the PD-1 MFI (left) and cell viability (right) of CD8+ T cells (n=2; 2way ANOVA). 
Stimulated 1x refers to a 3-day T cell incubation with aCD3/CD28 beads in a ratio of 1:2.5, whereas stimulated 2x refers to a bead to 
cell ratio of 1:1.25. MFI: mean fluorescence intensity. Statistical analysis: ns (not significant), * (p < 0.05), ** (p < 0.01); columns indicate 
mean, error bars indicate SD.  

To test whether knocking-out PD-1 from CB-derived CD8+ T cells can prevent exhaustion and/or limit the exhaustion 

phenotype in vitro and thereby potentially improve T cell therapy products in vivo, we first set to characterize the PD-1 

expression on CB-derived CD8+ T cells. Here we show that PD-1 expression on T cells varies greatly over time and during 

culture (see Methods for a detailed description of the culture protocol). Fresh cells were characterized by very low levels of 

PD-1, whereas following 3 days of stimulation with αCD3/CD28 dynabeads, the cells expressed very high levels of PD-1, 

concurrent with T cell activation (Figure 1a-b). T cell activation is very much reflected in the shape of the cells as seen by 

flow cytometry (Figure 1c), and this variation in T cell size and granularity across cell culture time-points clearly shows that 

activation is indeed the underlying process driving surface PD-1 expression. Following 3 days of αCD3/CD28 dynabeads 

stimulation, CRISPR/Cas9-mediated PD-1 KO in activated CD8+ T cells was performed, whereby a ribonucleoprotein 

complex (RNP) was formed by incubating a PDCD1 guide RNA (gRNA) with the Cas9 enzyme, and this complex was 
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thereafter electroporated into recipient T cells (see Methods for more details on the knock-out procedure). After a resting 

period of 3-7 days, allowing the cells to recover from the electroporation procedure, all the cells, irrespective of the KO 

procedure, lost most of their PD-1 expression (Figure 1a-b). The decreased PD-1 expression supports the fact that PD-1 

acts solely as an activation marker during the initial stages of the culture, rather than as IR/exhaustion marker, but thereby 

also greatly limiting the phenotypic recognition of the gene-edited population. Therefore, T cell stimulation, using 

αCD3/CD28 dynabeads, was used to enable the discrimination of PD-1KO cells from resting/less active cells that 

downregulated PD-1 expression. Indeed, 3 days of restimulation led to a visible – even though variable across experiments 

– increase in PD-1 (Figure 1a,b,d). To further accentuate the PD-1 expression ‘gap’ between CTRL and KO cells, cells 

were stimulated with twice the amount of αCD3/CD28 dynabeads (2x stimulation, Figure 1d). Here the difference between 

the PD-1 MFI of KO and CTRL cells increased compared to 1x stimulation (p<0.01 compared to p<0.05). However, 

additional efforts to discriminate between PD-1KO cells and PD-1lo cells were unsuccessful, as shown by the last timepoint 

of Figure 1d (left), where the difference between KO and CTRL cells was lost due to persistent, highly concentrated 

αCD3/CD28 stimulation. Concurrently, cell viability significantly decreased past the 4th timepoint (Figure 1d right), which 

is in line with the fact that the cells could not physiologically achieve the activation levels we were aiming for. Overall, this 

experiment demonstrates that the strength of stimulation cannot fully help discern between resting/inactivated cells with 

low PD-1 expression and true PD-1KO cells, yet αCD3/CD28 dynabeads stimulation post-KO (at various concentrations) 

is sufficient to discriminate between PD-1 KO cells and CTRL cells.  

II. FACS sorting of PD-1lo cells enriches for PD-1KO cells  

 

Figure 2: FACS sorting can enrich for PD-1KO cells. A: Representative flow cytometric plots showing the gating strategy used for the 
sort. B: Histogram overlay showing the PD-1 cut-off across 3 conditions (unstained, PD-1 CTRL cells and PD-1 KO cells) used for the 
gating of PD-1lo cells. C: Summary of PD-1 MFI (left) and percentage of PD-1lo cells (right) during 3 sorts. D: Genomic analysis of 2 T 
cell cultures before and after FACS sort.  

Given that PD-1 expression on CB CD8+ T cells proved to be more of a continuum that is highly influenced by the activation 

levels of the cells (Legat et al., 2013) rather than a distinct PD-1+ and a PD-1- population, we set out to sort the PD-1lo cells 

in order to enrich for PD-1KO cells. For this, we cultured naïve T cells until post-KO resting stage following the standard 

culture protocol (see Methods), after which we stimulated the cells with 2x αCD3/CD28 beads, as this stimulation appeared 

to best discriminate between PD-1 CTRL and KO cells while sufficiently maintaining cell viability (Figure 1d). Figure 2a 

shows the gating strategy used for the sort, where we ultimately selected for the PD-1lo population. To accurately gate this 

population, we compared unstained cells with CTRL cells and PD-1 KO cells (Figure 2b), and thus we were often able to 

identify a second (distinct) peak representing PD-1lo cells (Figure 2b and 2c right). Significant culture-to-culture variability 

was observed regarding the distinct presence of the PD-1lo peak in the KO condition, mostly due to differences in activation, 
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response to stimulation, proliferation rate and cell viability (Figure 2c left). However, one important downside of the sorting 

strategy is the scarcity of sorted cells, making it difficult to perform both functional assays and genomic analysis of KO 

efficiency. Therefore, Figure 2e shows the genomic data of only 2 sorted CB batches. Nonetheless, this data clearly suggests 

that the PD-1lo sort successfully enriched for PD-1KO cells, despite the difficulty of gating true PD-1KO cells and the variability 

in the T cell responses to stimulation. Nevertheless, while sorting proved to be a good strategy to enrich for PD-1KO cells, 

most experiments in this project relied on a ‘natural’ (unsorted) KO efficiency. 

III. Genomic analysis of gene-editing efficiency identifies gRNA2 as superior in knocking-out 

PD-1 

 

Figure 3: Genomic analysis of PD-1 KO efficiency with 2 PDCD1 gRNAs. A: Summary of PD-1 KO efficiency of gRNA1 and 
gRNA2, as estimated by TIDE (n=3 and n=4 respectively). Vertical bars indicate means. B: DNA alignment showing the PCR fragment 
of PDCD1 gene and 3 sequenced paired CTRL and KO samples using gRNA2. In orange the gRNA target site is highlighted, in blue 
the PAM sequence, and in pink the primer binding sites used in the PCR reaction. Nucleotides colored in blue indicate mismatches with 
the template. Note that only the forward (+) sequence is shown. Statistical analysis: * (p < 0.05), unpaired t test., horizontal line indicates 
mean.  

To establish a functional PD-1 KO, we designed and tested 2 PDCD1 gRNAs (for more details, see Methods). Briefly, cell 

pellets of CTRL and KO cells were used to extract DNA and perform a PCR reaction, yielding a 249bp fragment; the 

fragments were then purified and sequenced. The chromatograms were then introduced in the TIDE software (Tide (nki.nl)). 

Figure 3a shows an overview of the TIDE analysis performed on 3 CB samples for gRNA1, and 4 samples for gRNA2, 

which overall indicate that the gRNA1 efficiency is 11.63% (±8,79%), whereas the gRNA2 efficiency is 34.675% (±12,84 

%), and as such we decided to proceed with gRNA2 in all other experiments (p<0.05). The one clear outlier for gRNA2 was 

kept in the analysis to demonstrate that despite having a good gRNA, the treatment of the cell cultures and the quality of 

the KO preparation and electroporation procedure strongly influence the KO efficiency. Figure 3b shows an alignment of 

Sanger sequencing results based on 3 different CB CD8+ T cells cultures using gRNA2. In the proximity ofthe gRNA2 target 

region, mutations in the KO samples were introduced, and no such mutations were seen in the CTRL samples, indicating 

that on the one hand, sequencing quality was high, and on the other hand that the gRNA2 was successful enough to be 

visible on bulk sequencing.  

IV. FACS analysis of editing efficiency with PDCD1 gRNA2  

To determine the PD-1 KO efficiency with gRNA2 phenotypically, post-KO resting cells were stimulated with 1x 

αCD3/CD28 dynabeads. In addition to the PD-1 MFI, the frequency of PD-1hi CD8+ T cells was used to quantify the 

difference in PD-1 expression between CTRL and KO cells. Figure 4a shows a representative FACS gating of PD-1hi cells, 

whereas Figure 4b shows the PD-1 MFI of multiple cell cultures stained at post-KO stimulated time-point, with the pairing 

of the data. While there is significant variability in the MFI of the CTRL samples, the PD-1 MFI of the KO samples tends 

to cluster together quite strongly, confirming the efficiency of the knock-out (p<0.05). Figure 4c further shows that based 

on the percentage of PD-1hi CD8+ T cells between CTRL and KO samples, the PD-1 knock-out is highly effective (p<0.01). 

Based on this data, we determined the PD-1 KO efficiency phenotypically to be 26.6% (±16.5%). However, these findings 

also highlight an important issue with assessing PD-1 KO efficiency phenotypically, i.e. due to the role of PD-1 as activation 

https://tide.nki.nl/#about
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marker, the observed KO efficiency strongly depends on the activation levels of the cells, which despite being cultured and 

treated in the same manner, still differ significantly across cultures. However, despite this technical issue, the PDCD1 gRNA2 

demonstrates high on-target efficiency.  

 

Figure 4: Phenotypic assessment of PD-1 KO efficiency with PDCD1 gRNA2. A: Representative FACS plots of PD-1CTRL cells 
(left) and PD-1KO cells (middle) after 3 days of stimulation with 1x aCD3/CD28 dynabeads, and histogram overlay (right) depicting the 
PD-1 cut-off between PD-1hi and PD-1lo cells in unstained, CTRL and KO cells. B: Graphical summary showing the PD-1 MFI of 7 
restimulated CD8+ T cell cultures across CTRL and KO conditions (left) and pairing of the data (right). C: Graphical summary depicting 
the percentage of PD-1hi CD8+ cells in PD-1 CTRL and PD-1 KO cells. The data from the same 7 T cell cultures was used for B and C. 
Statistical analysis: ns (not significant), * (p < 0.05), ** (p < 0.01); paired t-tests; horizontal lines indicate means, error bars indicate SD. 

Testing the (short-term) effect of PD-1 KO on T cell proliferation 

I. Optimizing the Mixed Leukocyte Reaction for PD-1KO CD8+ T cells 

The Mixed Leukocyte Reaction (MLR) is a multiple-day dendritic cell (DC) – T cell co-culture system used to test T cell 

proliferation in response to the recognition of a mismatched human leukocyte antigen (HLA) subtype. Here we used CB 

CD34+-derived in vitro matured DCs and CB-derived T cells at different developmental stages. Figure 5a shows a typical 

MLR readout, using CB DCs and fresh CB CD3+ T cells, with significant T cell proliferation in response to DC help both 

in terms of loss of CTV – indicating population doublings, but also in terms of PD-1 upregulation, indicative of T cell 

activation. Since fresh/naïve T cells cannot be used to generate a PD-1 KO, we set out to optimize the MLR procedure to 

allow for the testing of our PD-1KO T cell product. Due to further application as cell therapy product, CD8+ rather than 

CD3+ T cells were used in this manuscript. CD8+ T cells, in the presence of CD4+ T cells (hereon referred to as “helped 

CD8+”), were compared with CD8+ T cells alone (hereon referred to as “helpless CD8+”) to determine whether the presence 

of CD4+ T cells impacted T cell proliferation. Moreover, the effect of CD4+ help was analyzed both at the stage of T cell 

priming (i.e. mostly naïve T cells) or after the stage of T cell priming (i.e. expanded in the presence of IL-2/IL-7/IL-15). 

Figure 5b shows that during priming, both helped and helpless CD8+ T cell populations proliferate well in response to both 

DC stimulation and beads stimulation. However, helped CD8+ T cells show a higher PD-1 upregulation both in response 

to DC and beads stimulation, suggesting that CD4+ help contributes to higher CD8+ T cell activation but not necessarily 

proliferation. With respect to the effect of CD4+ help on T cell activation and proliferation using non-naïve cells (i.e. 
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expanded in the presence of IL-2/IL-7/IL-15), Figure 5c shows that CD4+ help does not seem to influence T cell 

proliferation (perhaps only that helped cells show less variability across samples than helpless cells do), and furthermore that 

there is limited PD-1 upregulation with beads stimulation, and none with DC stimulation. Thus, it appears that CD4+ help, 

while significant at the stage of T cell priming, does not impact T cell proliferation nor T cell activation at later stages in T 

cell development. Beyond phenotypic assessment, the supernatant of 2 such co-cultures using expanded helped and helpless 

CD8+ T cells shows an increase in cytotoxic cytokine production – IFNg and TNFa respectively, Figure S1a – due to 

incubation with DCs (71.694 ±87.495 pg/ml IFNg and 83.688 ±80.043 pg/ml TNFa for helped CD8+; 233.63 ±246.495 

pg/ml IFNg and 126.657±152.503 pg/ml TNFa for helpless CD8+), and even a stronger increase due to incubation with 

the (non-physiological) αCD3/CD28 dynabeads (771.824 ±280.697 pg/ml IFNg and 274.149 ±191.760 pg/ml TNFa for 

helped CD8+; 451.737 ±434.105 pg/ml IFNg and 191.760 ±217.951 pg/ml TNFa for helpless CD8+). These findings 

suggest that irrespective of the presence of CD4+ help, the T cell – DC co-culture is able to physiologically trigger cytotoxic 

T cell functions in the form of cytokine secretion, not only activation and proliferation. As such, to optimize the MLR for 

PD-1 KO T cell products, we proceeded with helpless CD8+ T cells at post-priming stage, which gave an adequate window 

in terms of T cell proliferation, activation, and cytokine secretion in response to DC stimulation.  

 

Figure 5: From naïve CD3+ T cells to non-naïve CD8+ T cells. A: Representative FACS plots of naïve CD3+ T cells showing (left) a contour 
plot with PD-1 expression and cell shape (FSC-A) across MLR conditions, and (right) a histogram overlay showing the CTV expression levels across 
MLR conditions. B: Graphical summary of helped vs helpless naïve CD8+ T cells across MLR conditions, with CTV MFI (left), and PD-1 MFI (right), 
n=1. Note that for the DC co-incubation, two different DC cultures were compared. C: Graphical summary of helped vs helpless non-naïve CD8+ T 
cells across MLR conditions, with CTV MFI (left), and PD-1 MFI (right), n=2. All statistical analyses were non-significant (p>0.05), 2way ANOVA; 
columns indicate mean, error bars indicate SD. 

To be able to discriminate the effect of DC help or beads stimulation from the strong activation and proliferation effect of 

the cytokine culture conditions on stage CD8+ T cells at post-priming stage, optimal cytokine(s) and/or concentration(s) 

for the culture medium used in the MLR was determined. Figure 6a shows the MLR readout of expanded CD8+ T cells 

cultured without any cytokines during the 4-day co-culture, whereas Figure 6b shows the readout of expanded CD8+ T 

cells cultured in medium supplemented with 50U/ml IL-2, 5ng/ml IL-7 and 5ng/ml IL-15. First, the lack of cytokines highly 

impacts the viability of the cells (Figure 6a left), where DC co-incubation can barely recover the ~90-95% T cell death 

observed for T cells only; moreover, this extensive cell death largely precludes any T cell proliferation with DC and beads 

stimulation (Figure 6a right) or T cell activation (data not shown). Opposingly, the use of culture medium supplemented 

with all 3 cytokines (which are typically used throughout the T cell cultures, for more details see Methods), while largely 

preventing cell death (Figure 6b left), also inhibits the discrimination of the effect of DC or beads stimulation in terms of 

T cell proliferation (Figure 6b right). Therefore, different cytokine combinations were tested to delineate the optimal 

balance, and we found that culture medium supplemented only with 50U/ml IL-2 to best preserve cell viability while allowing 

sufficient stimulation of non-naïve CD8+ T cells during the MLR (data not shown). Indeed, this new culture method allows 
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the discrimination of both the effect of DC stimulation and beads stimulation in terms of T cell proliferation (Figure 6c 

right). Moreover, this cytokine regimen does not overrule T cell activation when co-cultured with DCs or stimulated with 

beads (Figure 6c left), since DC stimulation or beads stimulation both lead to slightly different patterns of PD-1 expression, 

but also to a different activation pattern (visible in the cell shape depicted by FSC-A). Overall, beads stimulation is able to 

strongly activate and moderately trigger the proliferation of non-naïve CD8+ T cells cultured with 50U/ml IL-2 only, 

whereas the effect of DC stimulation is more variable (Figure 6d). Indeed, DCs are largely unable to trigger PD-1 

upregulation with these culture conditions yet appear equally good at triggering T cell proliferation as αCD3/CD28 

dynabeads stimulation. Figure S1b shows that under these culture conditions, T cells are still able to produce cytotoxic 

cytokines both in response to DC stimulation, and to even higher levels in response to beads stimulation. Thus, culturing 

the MLR in 50U/ml IL-2 supplemented culture medium should provide a sufficient window to test the capacity of PD-1KO 

cells to activate, proliferate, and produce cytokines in response to DC stimulation.  

 

Figure 6: The effect of culture medium cytokines on T cell viability, activation and proliferation during the MLR. A: Representative FACS 
plots of expanded CD8+ T cells cultured without cytokines showing (left) T cell viability and (right) T cell proliferation across MLR conditions. B: 
Representative FACS plots of expanded CD8+ T cells cultured with 50U/ml IL-2, 5ng/ml IL-7, and 5ng/ml IL-15 showing (left) T cell viability 
and (right) T cell proliferation across MLR conditions. C: Representative FACS plots of expanded CD8+ T cells cultured with only 50U/ml IL-2 
showing (left) T cell activation (PD-1 vs FSC-A) and (right) T cell proliferation (CTV) across MLR conditions. D: Graphical summary of PD-1 and 
CTV expression of 3 independent experiments with expanded CD8+ T cells cultured with 50U/ml IL-2 only. Statistical analysis: ns (non-significant), 
2way ANOVA; columns indicate mean, error bars indicate SD.  

II. Successful PD-1 KO does not afford a proliferative advantage to CD8+ T cells when co-

cultured with mature DCs 

Using the optimized method for MLR experiments, the effect of PD-1 KO was determined using 3 CB HLA-A2+ CD8+ T 

cell cultures either alone, together with 3 different HLA-A2- CD34+-derived DC cultures, or with αCD3/CD28 dynabeads 

as positive control. Figure 7a shows a representative FACS plot of the gating strategy used to determine the extent of DC 

maturation at the start of the MLR. DC cultures matured below 10% were excluded from the experiments as it can highly 

impact the extent of T cell proliferation. T cell phenotyping using FACS was also performed at the beginning of the MLR, 

which showed mainly a resting phenotype, with limited activation/inhibitory marker expression (Figure S1c). Figure 7b 

shows representative FACS histograms of the experimental conditions, with the left-most histogram showing the CTV peak 

of (undivided) T cells directly post-labeling (day 1), the second histogram showing the CTV expression of T cells only at day 

4, the third histogram showing the CTV expression of DC-stimulated T cells at day 4, and lastly, the fourth histogram 

showing the T cell proliferation in response to αCD3/CD28 dynabeads. Figure 7c shows the CTV MFI of 6 co-cultures, 
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of which 3 were sorted for PD-1lo CD8+ T cells (see Figure 2 for the gating strategy used for the sort), and 3 relied on a 

natural PD-1 KO efficiency. Interestingly, while PD-1CTRL cells in T cells only condition showed very similar CTV expression 

and baseline proliferation across the 4-day culture, PD-1KO cells alone appeared to proliferate significantly more (p<0.05). 

Furthermore, the CTV undivided peak acquired <24h post-labeling showed almost identical peaks for both PD-1CTRL and 

PD-1KO cells, suggesting that differential labeling was not the underlying issue (data not shown). However, the addition of 

DCs did not impact T cell proliferation, neither in the PD-1CTRL group nor in the PD-1KO group (p>0.05). Nevertheless, the 

DC-stimulated condition in PD-1KO cells proliferated significantly more relative to the same condition in the PD-1CTRL group 

(p<0.05), and similarly the same effect was seen across αCD3/CD28 dynabeads stimulated conditions, yet this effect did 

not reach statistical significance (p>0.05). Together, these findings indicate that the PD-1 KO does not afford CD8+ T cells 

a proliferative advantage when co-cultured with CB CD34+-derived DCs, but rather confers PD-1KO cells an intrinsic 

proliferative advantage, which impacts their proliferative response both when cultured with DCs, and with αCD3/CD28 

beads. With regards to T cell activation, DC stimulation was unable to upregulate PD-1 expression on the surface of PD-

1CTRL cells (p>0.05), yet αCD3/CD28 dynabeads stimulation greatly increased PD-1 expression (p<0.01). Nevertheless, PD-

1KO cells were not able to upregulate PD-1 neither with DC stimulation, nor with αCD3/CD28 dynabeads stimulation 

(p>0.05), suggesting a very strong KO effect even in the unsorted samples. With regards to cytotoxic cytokine production, 

PD-1KO cells produced slightly more IFNg and TNFa during the 4-day MLR both in the DC stimulation condition, and in 

the αCD3/CD28 dynabeads stimulation condition compared to PD-1CTRL cells, however the difference did not reach 

statistical significance (p>0.05, Figure 7d). Overall, irrespective of the method of T cell stimulation – either physiological 

with mature DCs or non-physiological with αCD3/CD28 dynabeads – the PD-1 KO does not appear to afford CB-derived 

non-naïve CD8+ T cells a proliferative nor a cytotoxic cytokine secretion advantage in response to stimulation.   
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Figure 7: Testing the effect of PD-1 KO on T cell proliferation. A: Representative FACS plot showing the gating strategy used to determine the 
amount of mature DCs after a 15-day ex vivo maturation from CD34+ CB cells. B: Representative FACS plots showing the CTV expression of PD-1 
CTRL and PD-1 KO T cells across the MLR conditions. From left to right: CTV expression directly post-labeling (“undivided peak day 1”), CTV 
expression at day 4 for T cells only, T cells incubated with DCs, and T cells incubated with aCD3/CD28 dynabeads respectively. C: Graphical summary 
of 6 independent experiments depicting the CTV MFI (left) and PD-1 MFI (right) across MLR conditions. D: Supernatant ELISA of IFNg (left) and 
TNFa (right) of the same 6 experiments. Statistical analysis: ns (not significant), * (p < 0.05), ** (p < 0.01), *** (p< 0.001); columns indicate mean, 
error bars indicate SD.  
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Testing the (short-term) effect of PD-1 KO on T cell cytotoxicity  

 

Figure 8: Testing the effect of PD-1 KO on T cell cytotoxicity. A: Representative FACS plot showing the gating strategy used for the killing assays. 
Note that CTV+ cells represent HLA-A2+ K562 target cells, whereas CTV- cells represent rPRAME-TCR CD8+ T cells. B: Killing capacity of rTCR-T 
cells when co-cultured with target cells at a ratio of 1:1 E:T (n=3). Killing is represented as percentage of live CTV+ cells in co-culture relative to those 
in target only condition. C: Inhibitory receptor expression on rTCR-T cells, PD-1 (left) and TIM-3 (right), at the end of the overnight killing assay. D: 
Cytotoxic cytokines secreted in supernatant during the overnight killing assay and detected by ELISA: IFNg (left) and TNFa (right). Statistical analysis: 
ns (not significant), * (p < 0.05), ** (p < 0.01), *** (p< 0.001), **** (p<0.0001); 2way ANOVA; columns indicate mean, error bars indicate SD.  

To assess whether the PD-1 KO has a direct effect on T cell killing capacity, we performed a killing assay with CB-derived 

PRAME-TCR CD8+ T cells and the K562 cell line transduced with HLA-A2 molecules as target cells. Figure 8a shows the 

gating strategy used for the killing assay. Indeed, relative to the amount of target cells recovered in the target only condition, 

PD-1CTRL rTCR-T cells killed 89.251% (±8.139%) of K562 HLA-A2+ cells, whereas PD-1KO rTCR-T cells killed 78.297% 

(±12.397%, Figure 8b). In terms of T cell activation, PD-1CTRL cells slightly upregulated PD-1 in the 1:1 co-culture compared 

to T cells only (p<0.05), whereas with the cognate recognition of target cells by the PD-1CTRL rTCR-T cells, PD-1 expression 

greatly increased (p<0.0001 vs T cells only, p<0.05 vs PD-1CTRL 1:1, Figure 8c). Furthermore, the efficiency of the PD-1 

KO appears high throughout the experiment, since no significant increase is observed in the PD-1KO rTCR-T cells with 
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cognate recognition of target cells, both compared to T cells only and compared to untransduced PD-1KO controls in the 

1:1 co-culture (p>0.05). Regarding TIM-3 expression, both PD-1KO rTCR-T cells and PD-1CTRL rTCR-T cells upregulated 

TIM-3 in response to recognition of target cells (p<0.01 and p<0.001 respectively), yet no significant difference is seen 

within the 1:1 co-culture between untransduced and rTCR-T cells (p>0.05, Figure 8c). With regards to the cytotoxic 

cytokines secreted during the overnight killing assay, both untransduced cells and the T cells only condition produce very 

low levels of IFNg and TNFa, whereas rTCR-T cells are capable of substantial cytotoxic cytokine secretion in response to 

target cell recognition (p <0.0001 for IFNg, p>0.05 for TNFa, Figure 8d), with no significant difference between PD-1CTRL 

and PD-1KO rTCR-T cells (p>0.05). Overall, these findings indicate that the cytotoxic capacity of PD-1KO rTCR-T cells is 

equally good to that of PD-1CTRL cells, thereby suggesting that the PD-1 KO does not intrinsically hinder nor improve T cell 

function with regards to T cell killing and cytotoxic cytokine production in the short-term. 

Developing a specific strategy to test the long-term effect of PD-1 KO on T cell functions: an in 

vitro exhaustion system 

Given the role that PD-1 signaling has on T cell function and persistence during the chronic infection/cancer setting, we 

aimed to test the long-term effect of PD-1 KO for T cell immunotherapy products using an in vitro exhaustion system 

adapted from Zhao et al (2020). For this, expanded CB-derived CD8+ T cells of an HLA-A*0201 subtype were 

transduced with a lentiviral vector encoding a recombinant T cell receptor (rTCR) – either the HLA-A2+ restricted WT1-

TCR or PRAME-TCR, and after 7 days of resting, transduction efficacy was determined using fluorescently labeled MHC-

I tetramers loaded with the cognate peptide. Note that various transduction efficacies were obtained with a multiplicity of 

infection (MOI) of 10, ranging between ~20% and ~90%. rTCR-T cells were stimulated with cognate peptide daily 

(various concentrations, from 10ng/ml to 10ug/ml), for a period of 2-5 days. Intermittently, T cell activation and T cell 

exhaustion were determined phenotypically, using different FACS panels, at 24h, 48h, day 5 and day 8. To ultimately 

validate exhaustion, the multiple-day stimulated cells were tested for killing capacity in an overnight killing assay with K562 

HLA-A2+ target cells loaded with cognate peptide, and supernatant from the exhaustion system and killing assay were 

analyzed for secreted cytotoxic cytokines by ELISA (for more details, see Methods).  

I. T cell activation in response to peptide stimulation can predict exhaustion 

Activation and exhaustion markers across the exhaustion system were routinely analyzed using FACS, by staining at day 1, 

day 2, and day 5. More specifically, we found that the Activation-Induced Marker (AIM) assay (Dan et al., 2016; Reiss et al., 

2017) allows the early discrimination of the magnitude of response to peptide stimulation (Figure 9a). Within 24h of 

stimulation with 10ng/ml of cognate peptide, from ~40% rTCR-T cells, a small percentage of double positive CD69+ 

CD137+ CD8+ T cells appears, while this percentage increases up to 39% when stimulated with 10ug/ml. Accordingly, at 

day 5, 10ng/ml stimulated cells barely upregulated the exhaustion markers PD-1 and TIM-3, suggesting that stimulation was 

not sufficient to activate and ultimately exhaust cells, whereas 10ug/ml stimulated cells became >20% double positive for 

PD-1 and TIM-3, suggesting the onset of the exhaustion phenotype (Figure 9b and S2a). However, when considering the 

predictive ability of the AIM markers across multiple rTCR CD8+ T cell cultures stimulated with a range of peptide 

concentrations (10ng/ml to 10ug/ml, Figure 9c), the general trend follows the observation that stronger stimulation leads 

to more activation, however more factors could potentially impact the strength of the response to peptide stimulation, such 

as transduction efficiency and TCR avidity. To address the contribution of transduction efficiency, samples were clustered 

based on transduction efficacy, either below or above 50% (irrespective of rTCR, Figure 9d). Interestingly, all T cell cultures 

with a transduction efficacy below 50% scored visibly lower in terms of response to peptide stimulation with regards to PD-

1 MFI, however this difference did not reach statistical significance across all peptide concentrations (p>0.05). Similar effects 

were seen in the low transduction efficacy group regarding CD69 and CD137 expression, although the trend was more 

variable (Figure 9d). As such, these findings show that low transduction efficacies are the key limiting factor to the 

magnitude of T cell activation in response to (especially low concentrations of) peptide stimulation, and thereby possibly 

exhaustion. 
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Figure 9: Assessing T cell activation at 24h post-stimulation informs on exhaustion at day 5. A: Representative FACS plots showing T cell 
activation in ~40% WT1-TCR T cells that were stimulated with 0, 10ng or 10ug/ml WT1126 peptide for 24h. B: Representative FACS plots showing 
PD-1 and TIM-3 expression at day 5 in the same in vitro exhaustion experiment as A. C: All exhaustion experiments were clustered depending on peptide 
stimulation strength, and T cell activation is depicted as CD69, CD137, and PD-1 expression (AIM assay). The following range of transduction efficacies 
was included: 25-100% for WT1-TCR, and 60-100% for PRAME-TCR. Note that the peptide stimulation concentrations were not equally distributed 
(n=2-10). D: All exhaustion experiments were clustered depending on rTCR transduction efficacy – either below or above 50% – and peptide stimulation 
concentration, and T cell activation is shown as CD69, CD137, and PD-1 expression 24h post-stimulation (AIM assay). Note that the transduction 
efficacies were not equally distributed across peptide stimulation conditions (n=1-8). Statistical analysis: ns (not significant), * (p < 0.05), ** (p < 0.01), 
*** (p< 0.001), **** (p<0.0001); 2way ANOVA; columns indicate mean, error bars indicate SD. 

II. Short-term stimulation with high peptide concentrations is responsible for T cell 

‘hypercytotoxicity’ and bystander (T) cell death  

 

Figure 10: Short-term high concentration peptide stimulation leads to ‘hypercytotoxicity’. A: All exhaustion experiments were clustered 
depending on peptide stimulation strength, and T cell viability at 24h post-stimulation is depicted (n=2-12). B: Exhaustion system supernatant was 
analysed by ELISA for IFNg and TNFa secreted at the end of 5-day exhaustion systems with various peptide stimulation strengths (n=2-8). C: IFNg 
and TNFa secreted in supernatant after a 48h 10ug/ml exhaustion system using 18% WT1-TCR T cells. D: Analysis of cell viability after overnight 
incubation of T cells (derived from C) and K562 HLA-A2+ target cells in exhaustion system supernatant (derived from C) or fresh complete 
(supplemented) CTL medium (n=2). Statistical analysis: ns (not significant), * (p < 0.05), ** (p < 0.01), *** (p< 0.001), **** (p<0.0001); 2way ANOVA 
for A-B, paired t test for C; columns indicate mean, error bars indicate SD.  

Interestingly, we noticed that high concentrations of peptide stimulation not only impacted the magnitude of response to 

stimulation, but also drastically affected cell viability. To test this, the previous samples were analysed for viability following 

24h of stimulation with different peptide concentrations, and Figure 10a shows that irrespective of transduction efficacy, 

higher peptide concentrations lead to increasingly more cell death. Since such high cell death rates would preclude any 

exhaustion onset, we set to determine whether the high peptide concentrations were directly responsible for the extensive 

cell death, or rather whether the strong cell activation due to peptide stimulation could lead to bystander killing. IFNg and 

TNFa analysis in the supernatants of multiple 5-day exhaustion systems show an increased production of cytotoxic cytokines 

inversely correlating with T cell viability (Figure 10b), suggesting that high concentrations of peptide can lead to the potent 

activation of T cell cytotoxicity. As confirmation, the supernatant derived from an exhaustion system – containing as much 

as 951.689pg/ml IFNg and 235.757pg/ml TNFa following 10ug/ml stimulation for 48h in ~18% rTCR-T cells (Figure 10c 

and S2b) – was able, alone, to have a detrimental effect on the viability of CD8+ T cells and K562 HLA-A2+ target cells, 

compared to fresh medium (p<0.001 and p<0.05 respectively, Figure 10d). These findings together indicate that (even 

short-term) high peptide stimulation regimens lead to a state of strong T cell activation and ‘hypercytotoxicity’, resulting in 

bystander cell death via cytotoxic cytokine secretion, and possibly exacerbated by direct killing.   
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III. Daily 10ng/ml peptide administration for 5 days leads to the onset of exhaustion – both in terms 

of phenotype and function 

 

Figure 11: 5-day, 10ng/ml repeated peptide stimulation in highly transduced rTCR-T cells as experimental settings for in vitro exhaustion 
systems. A: Graphical summary showing PD-1 MFI (left), TIM-3 MFI (middle), and viability (right) in 100% rTCR-T cells across days following 0, 
10ng, and 100ng/ml peptide stimulation (n=3). B: Graphical summary showing PD-1 MFI (left) and TIM-3 MFI (right) in all exhaustion system 
experiments performed with 10ng/ml in highly transduced cells (>50%; irrespective of rTCR; n=8). C: Graphical summary showing PD-1 MFI (left) 
and TIM-3 MFI (right) in all exhaustion experiments performed with 10ng/ml in highly transduced cells, clustered depending on WT1 or PRAME-
TCR expression (n=3 for WT1-TCR, n=4 for PRAME-TCR). D: Graphical summary showing IFNg and TNFa secreted in supernatant and detected 
by ELISA during multiple exhaustion systems performed with 10ng/ml in highly transduced cells (n=7). E: Graphical summary showing killing capacity 
(left), IFNg (middle) and TNFa (right) secretion capacity of rTCR-T cells derived from multiple 5-day 10 ng/ml exhaustion systems (n=4). Statistical 
analysis: ns (not significant), * (p < 0.05), ** (p < 0.01), *** (p< 0.001), **** (p<0.0001); 2way ANOVA; columns indicate mean, error bars indicate 

SD. 

A 5-day low-concentration peptide stimulation in highly transduced cells was set as experimental setting to produce 

exhausted T cells in vitro. rWT1-TCR and rPRAME-TCR T cells were FACS-sorted to reach a~100% rTCR CD8+ T cell 

population (see Figure S2c for the sort gating strategy), and the sorted cells were then stimulated with 10ng/ml or 100ng/ml 

peptide daily for 5 days. When considering the PD-1 and TIM-3 MFI across days of 3 such exhaustion systems, it is evident 

that the T cell response to peptide stimulation follows a pattern, with high IR expression during days 1-2 – corresponding 

to peak T cell activation – after which IR expression decreases by day 5 (Figure 11a). Furthermore, the 10ng/ml and 

100ng/ml stimulated conditions show a robust dip in viability during the initial days of T cell stimulation, after which the T 

cell death rate slowly settles by day 5 (note that the increase in viability in the unstimulated condition is due to the cells slowly 

recovering after the sort, Figure 11a). As expected, the stronger peptide stimulation (100ng/ml) shows slightly higher 

activation and exhaustion markers by 48h and day 5 respectively, but overall also higher cell death in response to peptide 

stimulation. Therefore, all subsequent experiments were performed with 10ng/ml peptide stimulation for 5 days, which 

seemed to give the best balance between T cell activation and T cell ‘hypercytotoxicity’. When pooling all experiments 

performed using highly transduced rTCR-T cells with these experimental settings, it becomes apparent that PD-1 and TIM-

3 markers are highly upregulated following 10ng/ml peptide stimulation both at 48h, concurrent with peak T cell activation, 

but also at day 5, possibly indicating the onset of T cell exhaustion from a phenotypic perspective (p<0.001 and p<0.05 

respectively, Figure 11b). Additionally, we inquired whether the strength of the TCR – viewed as affinity, avidity and 

signaling strength – determines rTCR-dependent stimulation and thereby the extent of (phenotypic) T cell exhaustion by 
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day 5. Interestingly, both IR expression at day 2 and at day 5 is slightly higher for the rPRAME-TCR CD8+ T cells compared 

to rWT1-TCR CD8+ T cells, however the difference did not reach statistical significance (p>0.05, Figure 11c).  

From a functional perspective, 10ng/ml stimulated cells significantly upregulated IFNg secretion during the 5-day exhaustion 

system compared to unstimulated cells (285.640 ±374.580pg/ml and 9.436 ±7.302pg/ml respectively, p<0.05), whereas 

TNFa secretion was only slightly upregulated (17.545 ±11.611pg/ml vs 3.695 ±1.871pg/ml, p>0.05, Figure 11d).To 

determine the extent of exhaustion, unstimulated and peptide-stimulated rTCR-T cells were submitted to an overnight killing 

assay with K562 HLA-A2+ target cells at a ratio of 5:1 E:T and 1:1 E:T (Figure 11e). Interestingly, while at a higher E:T 

ratio there was no difference in killing capacity of unstimulated compared to peptide-stimulated cells (4.527 ±4.108% vs 

4.057 ±4.556% live target cells respectively), at a lower E:T ratio peptide-stimulated cells showed an increased killing capacity 

of peptide-loaded target cells (40.738 ±8.157% vs 32.253 ±10.254% live target cells respectively), however the difference 

was not significant (p>0.05), suggesting that the peptide-stimulated cells did not reach an exhausted phenotype yet. 

Surprisingly, cytotoxic cytokine analysis of the killing assay shows that peptide-stimulated cells are capable of less IFNg and 

TNFa secretion in response to target cell recognition at both high and low E:T ratios, yet the effect did not reach statistical 

significance (p>0.05, Figure 11e). Together, peptide-stimulated rTCR-T cells show considerable phenotypic exhaustion 

characteristics, with slight decrease in cytotoxic cytokine production, but no effect on killing capacity, suggesting that the in 

vitro exhaustion system leads to the early onset of exhaustion. 

IV. PD-1 KO in CB-derived rTCR-T cells does not seem to protect against nor reverse exhaustion 

during chronic in vitro stimulation  

To gain more insights into the possible phenotype and function of PD-1KO rTCR-T cell therapy products following infusion 

in patients, the previously optimized 5-day in vitro exhaustion system was used to mimic tumour-associated 

immunosuppression, and thereby evaluate the possible protective benefits of PD-1 KO against T cell exhaustion. Briefly, 

PD-1 KO with gRNA2 was performed on 3 expanded CD8+ T cell cultures, and KO efficiency was evaluated at the post-

KO stimulated time-point using surface PD-1 expression (25.5%, 5.8% and 29.1% respectively, Figure 12a, and Figure 

S3a for a representative FACS plot of PD-1 KO efficiency). After 3 days, both PD-1CTRL and PD-1KO cells were transduced 

with PRAME-TCR at a MOI of 10, and transduction efficacies were evaluated after 7 days. A mean transduction efficacy of 

79.657% (±4.949%) for PD-1CTRL cells, and 78.71% (±4.34%) for PD-1KO cells was achieved (Figure 12b and S3b for a 

representative FACS plot of rTCR expression for PD-1CTRL and PD-1KO T cells). On day 0 of the exhaustion system, cells 

were phenotyped using FACS for inhibitory receptor expression, and as shown in Figure 12c, cells expressed very resting 

levels of both PD-1 and TIM-3, with a significantly lower level of PD-1 expression on PD-1KO rTCR-T cells compared to 

PD-1CTRL cells (p<0.01). The rTCR-T cells were then stimulated with 10ng/ml peptide daily for 5 days, and FACS 

phenotyping was performed at 24h, 48h, and day 5 (note that one T cell culture was excluded from the exhaustion system 

due to poor growth and viability). At 24h following initial T cell stimulation, the cells showed a drastic increase in AIM 

markers, with 29-42% CD69+ CD137+ double positive cells (see Figure S3c for a representative FACS plot). Indeed, the 

effect of 10ng/ml peptide stimulation led to a doubling in CD69 MFI for both PD-1CTRL and PD-1KO rTCR-T cells (p<0.01), 

however CD137 and PD-1 levels increased with stimulation but did not reach statistical significance (p>0.05, Figure 12d). 

After 48h post-stimulation, PD-1 and TIM-3 expression increased significantly, concurrent with peak T cell activation (see 

Figure S3d for a representative FACS plot), and at day 5, a separate PD-1hi TIM-3hi population appeared in PD-1CTRL rTCR-

T cell conditions, with only a TIM-3hi population appearing for PD-1KO rTCR-T cells (Figure 12e-f). T cell viability 

decreased drastically in both peptide-stimulated conditions across days, from 85.850% (±2.051%) and 81.850% (±4.738%) 

at day 0 for PD-1CTRL and PD-1KO respectively, to 47.8% (±15.556%) and 49.8% (±9.192%) in only 24h, and ultimately 

settling at 25.2% (±14.708%) and 25.4% (±7.071%) by day 5 (Figure 12f). Furthermore, no significant difference was seen 

in terms of viability between PD-1CTRL and PD-1KO cells, indicating that the PD-1 KO does not hinder nor give an advantage 

in this respect. Interestingly, LegendPlex analysis of the supernatant showed stark increases in cytotoxic cytokines and 

cytotoxic effector molecules such as IFNg, Granzyme A (GzmA), and Granzyme B (GzmB) in peptide-stimulated cells 

compared to unstimulated cells irrespective of the PD-1 KO (p<0.0001) with smaller increases in TNFa, perforin, granulysin 

and soluble Fas ligand (sFasL) (p<0.05, Figure 12g). This suggests that the peptide stimulation is able to strongly activate 

cytotoxic effector mechanisms of rTCR-T cells, with no significant contribution of the PD-1 KO.  

 



18 

 

Figure 12: Evaluating PD-1 KO effect on exhaustion onset during 5-day 10ng/ml in vitro exhaustion system. A: Efficiency of PD-1 KO in 3 
CB-derived CD8+ T cell cultures. B: Transduction efficacy using PRAME-TCR lentiviral vectors in PD-1CTRL and PD-1KO cells (n=3). C: Inhibitory 
receptors levels on CB-derived rTCR-T cells on day 0 of the exhaustion system. D: Activation levels on PD-1CTRL and PD-1KO rTCR-T cells after 24h 
post-stimulation with cognate peptide (n=2). Note that one T cell culture was excluded from the exhaustion system due to poor growth and viability. 
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E: Representative FACS plots showing inhibitory receptor expression on PD-1CTRL and PD-1KO rTCR-T cells at 5 days post-stimulation with cognate 
peptide. F: Representative FACS plots showing PD-1 expression (left), TIM-3 expression (middle), and viability (right) of PD-1CTRL and PD-1KO 
rTCR-T cells at 5 days post-stimulation with cognate peptide (n=2). G: LEGENDplex analysis of exhaustion system supernatant showing (from left 
to right): IFNg, TNFa, Granzyme A, Granzyme B, Perforin, Granulysin, and FasL (n=2). H-I: Graphical summary showing killing capacity (H) and 
cytotoxic cytokine secretion (I) of PD-1CTRL and PD-1KO rTCR-T cells derived from the 5-day in vitro exhaustion system (n=2). Statistical analysis: ns 
(not significant), * (p < 0.05), ** (p < 0.01), *** (p< 0.001), **** (p<0.0001); 2way ANOVA or paired t test; columns indicate mean, error bars indicate 
SD. 

Ultimately, both unstimulated and peptide-stimulated cells were submitted to an overnight killing assay with K562 HLA-

A2+ target cells, at a 1:1 ratio (Figure 12h). Here, we found that both unstimulated PD-1CTRL and PD-1KO cells were capable 

of 61.96% and 58.78% killing respectively, whereas peptide stimulated PD-1CTRL and PD-1KO cells killed 89.54% and 84.35% 

target cells respectively (p>0.05 across conditions). Additionally, both peptide-stimulated PD-1CTRL and PD-1KO cells were 

less able to produce IFNg as opposed to unstimulated rTCR-T cells (p<0.001 and p<0.0001 respectively), suggesting that 

the in vitro exhaustion system might have affected the cells also functionally (Figure 12i). However, no difference was 

observed between peptide-stimulated PD-1CTRL cells and peptide-stimulated PD-1KO cells, indicating no advantage (or 

disadvantage) with regards to exhaustion as a result of the PD-1 KO. Meanwhile, no clear trend was seen with regards to 

TNFa secretion (data not shown). Overall, since the peptide-stimulated cells appeared more functional compared to 

unstimulated cells with regards to direct killing capacity, we are unable to conclude whether the PD-1 KO conferred 

(functional) protection to CB-derived rTCR CD8+ T cells during the in vitro exhaustion system. 
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Discussion 

In the current study we have successfully generated PD-1KO CB-derived CD8+ T cells using CRISPR/Cas9 with an average 

knockout efficiency of 40%. Moreover, we have developed a method to effectively enrich for PD-1KO T cells using FACS 

sort, which could later be used in pre-clinical as well as clinical studies to improve the homogeneity of the engineered T cells. 

In this regard, few studies have achieved significantly high PD-1 KO efficiencies, despite the immense recent strides in gene-

engineering technologies allowing the successful ex vivo generation of PD-1KO rTCR (or CAR) T cells. Indeed, a recent phase 

I clinical trial using autologous T cell therapy targeting the NY-ESO-1 tumor-associated antigen (TAA) documented a mean 

PD-1 KO efficiency of 20%, using the same CRISPR/Cas9 ribonucleoprotein complex technology as our study (Stadtmauer 

et al., 2020). Moreover, multiple pre-clinical studies incorporating CRISPR/Cas9-mediated PD-1 KO in primary T cells 

showed a variable PD-1 KO efficiency phenotypically, ranging from 5% to 59% (Hu et al., 2019; Lu et al., 2020; Rupp et al., 

2017; Su et al., 2016), and even few studies chose not to mention the KO efficiency beyond ‘lack of surface expression of 

PD-1’ (Choi et al., 2019; Ren et al., 2017; Z. Zhao et al., 2018). In this regard, as we (and others) have also shown, the 

accurate assessment of PD-1 KO efficiency phenotypically is hindered by the need for T cell stimulation to allow the 

expression of surface PD-1, which greatly depends on T cell activation and differentiation states (Legat et al., 2013). 

Nevertheless, genomic techniques such as next-generation sequencing could be used to allow a more accurate estimation of 

PD-1 KO efficiency, together with specific insertions/deletions, as well as to detect any off-target mutations.  

To date, multiple pre-clinical studies have investigated the functionality of CRISPR/Cas9-edited PD-1KO primary T cells – 

both in the in vitro context, as well as in murine studies, and more recently in humans. Nevertheless, these findings have not 

yet been translated to cord blood-derived CD8+ T cells. Interestingly, there is an increasing understanding of the need for T 

cell therapy products in rather early stages of differentiation – and this has been shown to greatly impact the success of 

adoptive T cell therapy using tumor-infiltrating lymphocytes (TILs) from patients (Morotti et al., 2021). Importantly, T cells 

derived from CB are known to be predominantly naïve or stem-like in comparison to adult peripheral blood (PB)-derived T 

cells (Hanley et al., 2010). As such, here we have strived to extend current knowledge of the impact of PD-1 deletion on T 

cell function for CB-derived CRISPR/Cas9-engineered CD8+ T cells. Based on in vitro mixed leukocyte reaction experiments, 

we have observed an increased proliferation of CB-derived PD-1KO T cells when cultured (alone) in IL-2-supplemented 

medium for 4 days, with no additional impact on proliferation due to PD-L1 expressing DC stimulation nor aCD3/CD28 

dynabeads stimulation. While this effect could potentially be attributed to a low sample size, few other studies have noted 

an effect of PD-1 KO (either intrinsic or extrinsic) on T cell proliferation, persistence and viability in vitro (Choi et al., 2019; 

Lu et al., 2020). For instance, Choi et al. (2019) have shown that PD-1KO CAR T cells cultured with an irradiated glioma cell 

line for 40 days demonstrate an enhanced proliferation rate compared to PD-1CTRL cells. Opposingly, Lu et al. (2020) have 

shown that patient-derived PD-1KO T cells cultured (alone) in IL-2 supplemented medium for 40 days not only have an 

increased proliferation rate, but also show a sustained high viability and persist longer compared to unedited cells. However, 

others have noted no enhancement or decline in proliferation of PD-1KO T cells compared to PD-1CTRL cells in vitro – with 

or without exogenous (PD-L1-expressing) stimulation (Rupp et al., 2017; Su et al., 2016). Meanwhile, we have observed an 

intrinsic (rather than stimulation-dependent or PD-L1-dependent) increased proliferation rate, and these findings, once 

corroborated, could suggest that the deletion of PD-1 using CRISPR/Cas9 indirectly impacts T cell signalling and/or gene 

regulation pathways, thereby leading to an increased proliferation rate. However, the (additional) impact of PD-L1+ 

stimulation on T cell proliferation has not been conclusively excluded in the present study. Importantly, a phase I clinical 

trial using autologous NY-ESO-1 targeting rTCR T cells documented a surprisingly high and stable persistence of infused 

PD-1KO T cells in vivo - between 3 and 9 months (Stadtmauer et al., 2020), which directly contrasts their previous work using 

NY-ESO-1 T cells but no additional PD-1 KO (Rapoport et al., 2015). Interestingly, the mean initial half-life of the infused 

PD-1KO T cells was 83.9 days, whereas previous trials described a half-life of ~1 week (Stadtmauer et al., 2020). Overall, 

despite the difficulty of translating in vivo longevity and efficacy of T cell therapy products to in vitro experiments, it appears 

that knocking out PD-1 could positively benefit T cell immunotherapy in multiple (synergistic) ways: higher T cell 

proliferation, persistence, and viability, as well as resistance to TME-mediated suppression.  

Additionally, the ability of CB-derived CD8+ T cells to secrete cytotoxic cytokines – in particular IFNg and TNFa – was 

assessed using supernatant ELISA in two distinct experimental settings. First, the cytotoxic cytokine secretion ability of 

untransduced PD-1KO T cells was tested in response to 4-day allogeneic PD-L1+ DC stimulation or aCD3/CD28 dynabeads 

stimulation. In this context, no statistically significant difference was seen between PD-1CTRL cells or PD-1KO cells in 

response to either stimulation regimen, yet a small trend can be inferred, whereby PD-1KO T cells secreted slightly more 

IFNg and TNFa in both stimulation conditions. Optimally, this trend should be verified or annulled by a higher sample size, 

as well as the assessment of cytokine production intracellularly rather than in supernatant. Second, cytokine secretion ability 

was measured following antigen recognition on PD-L1lo/- K562 HLA-A2+ target cells, and while no statistical significance 

was reached, it again appeared that PD-1KO T cells were capable of slightly higher IFNg and TNFa secretion. Accordingly, 
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PD-1 deletion in both healthy donor and patient-derived T cells has been previously shown to lead to enhanced IFNg 

secretion following overnight co-culture with autologous DCs expressing cognate peptide (Su et al., 2016); similarly, PD-

1KO EGFRvIII-specific CAR T cells were shown to produce significantly more IFNg and TNFa following overnight 

stimulation by cognate target cells compared to PD-1CTRL cells (Choi et al., 2019). In the context of these studies, our findings 

suggest that the deletion of PD-1 can positively affect pro-inflammatory cytokine secretion by CB-derived CD8+ T cells – 

possibly intrinsically, but also likely via PD-L1 dependent ligation, yet more statistical power is needed to ascertain these 

conclusions.  

Given that the ultimate goal of T cell immunotherapy products is to effectively recognize and kill tumour cells, in vitro killing 

assays are the main experimental method used to establish the potency of engineered T cells. For the in vitro testing of the 

cytotoxicity of PD-1KO T cells, various target cell lines have been used that express both the cognate TAA but also PD-L1 

(to various degrees). In this setting, multiple studies have shown an increase in killing ability of PD-1KO T cells when co-

cultured with PD-L1-expressing target cells (Choi et al., 2019). Here we have observed a slightly lower killing capacity of 

PD-1KO T cells when co-cultured with PD-L1lo/- K562 target cells, yet statistical significance was not reached. Opposingly, 

one study using patient PB-derived PD-1KO T cells found that killing was enhanced both in the co-culture setting with PD-

L1hi melanoma cells, but also with PD-L1lo melanoma cells (Su et al., 2016). Similarly, a study using CD19-targeting CAR T 

cells found that the PD-1KO cells were superior at killing compared to their PD-1CTRL counterparts, and this trend was 

preserved across multiple E:T ratios, for both K562 tumour cells engineered to express PD-L1, but also for PD-L1lo/- K562 

cells (Rupp et al., 2017). Taken together, these studies suggest that irrespective of the use of recombinant TCR or CAR, or 

the source of PB T cells (healthy donor or patient), PD-1KO T cells benefit from increased cytotoxicity, even in the context 

of low or no PD-L1 expression on target cells. Thus, should our findings be corroborated with higher sample sizes across 

multiple E:T ratios in an experimental setting with and without PD-L1 expression, it would appear that the PD-1 KO does 

not afford an intrinsic (nor possibly extrinsic) cytotoxic benefit to CB T cells. 

The relevance of blocking PD-1 signaling with monoclonal antibodies has strongly been established in recent years in terms 

of reversing T cell exhaustion of TILs and preserving the function of T cell immunotherapy products. However, the 

incorporation of PD-1 deletion in T cells is a more attractive therapeutic target for several reasons: first, it allows an extra 

degree of specificity which cannot be achieved with systemic anti-PD-1/PD-L1 antibodies; second, PD-1 deletion together 

with therapeutic T cells could act synergistically in targeting and killing tumour cells due to either increased resistance to 

TME-mediated immunosuppression, prevention of exhaustion onset, and/or longer persistence. To allow the thorough 

appraisal of our CB-derived PD-1KO rTCR T cell therapy product, we optimized an in vitro exhaustion system developed by 

Zhao et al. (2020), which is based on the key understanding that T cell exhaustion stems from chronic antigenic stimulation 

(Bucks et al., 2009; McLane et al., 2019). Here we showed that 5-day daily peptide stimulation of non-naïve rTCR T cells 

can lead to the phenotypic and functional onset of T cell exhaustion, with sustained high inhibitory receptor expression (PD-

1 and TIM-3) at day 5 and decreased cytotoxic cytokine secretion (IFNg and TNFa) compared to peptide-naïve rTCR T 

cells in response to overnight stimulation with cognate target cells. However, peptide-stimulated T cells showed an increased 

killing ability compared to peptide-naïve cells, suggesting that the peptide stimulation regimen led to a state of T cell priming 

that precedes exhaustion onset. Indeed, T cell exhaustion involves the stepwise loss of T cell functions, progressing from a 

decline in proliferation rate and cytokine secretion ability, and culminating with the loss of cytotoxicity and even the physical 

deletion of exhausted T cells (Gallimore et al., 1998; Zajac et al., 1998). In contrast to the study from Zhao et al. (2020), who 

used (predominantly naïve) transgenic murine T cells, we used human CB-derived T cells which were in vitro transduced with 

a recombinant TCR. The in vitro culture procedure needed to engineer rTCR T cells resulted in an altogether different T cell 

proliferative and differentiation state at the beginning of the in vitro killing assay; these differences, together with the inherent 

strength of the respective transgenic or rTCR (i.e. peptide-MHC affinity and signaling strength), were most likely responsible 

for the more limited exhaustion response achieved with our experimental setting. More recently, several papers have 

investigated the in vitro onset of T cell exhaustion in a polyclonal T cell setting using repeated aCD3/CD28 dynabeads 

stimulation – thereby effectively bypassing the need for rTCR transduction and in vitro manipulation – however the 

stimulation time was significantly more prolonged, ranging from 8 to 49 days (Balkhi et al., 2018; Janelle et al., 2021). Overall, 

an in vitro exhaustion system would greatly benefit the investigation – in an easy, cost-effective, and relatively time-saving 

manner – of specific strategies aimed at preventing or reversing T cell exhaustion; and while our rTCR T cell-based 

exhaustion system did not achieve terminal exhaustion, it is likely that future efforts to increase its efficacy will be successful. 

Indeed, recent findings in the field of T cell exhaustion onset have uncovered a direct role for nutrient and oxygen deficiency 

on exhaustion onset (Vodnala et al., 2019), which could easily be incorporated into our in vitro setting. Furthermore, the 

validation of T cell exhaustion with RNA transcriptomics is also being enabled by recent discoveries, whereby several 

transcription factors have been conclusively associated with T cell exhaustion (Balkhi et al., 2018; McLane et al., 2019; Seo 

et al., 2021). Ultimately, given that in vivo exhaustion takes several weeks to develop (Wherry & Kurachi, 2015), it is likely 

that a longer in vitro exhaustion would help achieve a more terminally exhausted phenotype.  
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Within the constraints of our in vitro exhaustion setting, we have tested the potential effects of knocking-out PD-1 on the 

phenotype, function, and persistence of rTCR T cells. Specifically, we found that PD-1KO rTCR T cells were phenotypically 

similar to PD-1CTRL cells at the end of the 5-day exhaustion, with respect to TIM-3 expression and viability, and produced 

relatively similar levels of cytotoxic molecules (IFNg, TNFa, granzymes A and B, perforin, granulysin, and soluble Fas ligand) 

throughout the 5-day exhaustion. Additionally, the overnight killing assay showed an enhanced killing capacity of peptide-

stimulated cells – both PD-1CTRL and PD-1KO rTCR T cells (which is consistent with the early exhaustion onset achieved 

with our system), however PD-1KO T cells showed a slightly lower killing ability. Additionally, the analysis of the IFNg 

secreted during the killing assay showed no rescue/ improvement in the PD-1KO condition compared to the PD-1CTRL 

condition. An important limitation of this study was the low sample size used throughout the exhaustion experiments, which 

mostly precluded statistical analysis. However, should these findings be corroborated with higher sample sizes, it would 

imply that knocking-out PD-1 during early chronic antigenic stimulation exacerbates rather than protects against the 

development of T cell exhaustion. In this regard, while it is conclusively shown that PD-1 blockade can successfully reverse 

T cell exhaustion, the role of PD-1 in exhaustion onset remains unclear. Interestingly, Odorizzi et al. (2015) have addressed 

whether PD-1 deficient T cells can still develop exhaustion, and have found using the murine ‘golden standard’ of exhaustion 

(i.e. Lymphocytic Choriomeningitis Virus (LCMV) clone 13) that PD-1KO CD8+ T cells are in fact more functionally and 

phenotypically exhausted than their unedited counterparts. These unexpected findings suggest a protective role for PD-1 

signaling during the chronic infection/cancer setting by restricting T cell responsiveness. Opposingly, the genetic deletion 

of PD-1 would serve to increase the magnitude of T cell responses in the short-term due to uninhibited T cell signaling and 

activation, ultimately bringing T cell dysfunction early on. This hypothesis is supported by the findings of Barber et al. (2006) 

and Frebel et al. (2012), which taken together demonstrated that the genetic absence of the PD-1/PD-L1 axis in mice 

chronically infected with LCMV clone 13 did not altogether prevent T cell exhaustion, but rather led to the death of mice 

due to unrestricted immune pathology. Together, these studies suggest an evolutionary role of the PD-1/PD-L1 axis in 

protecting hosts with chronic infections/ cancer from unbound T cell activation, which in the chronic antigenic setting can 

lead to both host cell death via either early T cell dysfunction and deletion of exhausted T cells, or via direct immune-

mediated damage to the host. In conclusion, while existing work in clinical trials largely supports the safety of PD-1KO T 

cells for immunotherapy applications (Stadtmauer et al., 2020), with the explicit claim that in vivo lifespan of T cells is relatively 

short, thereby limiting the potential for any unknown risks to cause damage to the patients (Lu et al., 2020), it is yet unclear 

whether engineering PD-1KO T cells is beneficial in the long-term and whether those advantages stand true for CB as well 

as PB T cells. Ultimately, given that T cell exhaustion is an adaptive differentiation state (Kallies et al., 2020; Utzschneider 

et al., 2016), more work is needed to examine whether ‘exhaustion-proof’ T cells are worth pursuing in the future, and how 

to best achieve them. Notably, the in vitro exhaustion system developed here could be used in future research to address 

important issues with regards to the generation of ‘exhaustion-proof’ T cells for therapeutic use, as well as assessing other 

drugs and strategies aimed at preventing exhaustion onset or reversing exhaustion. First, however, more work is needed to 

extensively validate and characterize in vitro exhausted T cells, and special attention should be paid to intrinsic differences 

between CB and PB T cells. 
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Materials and Methods 

T cell isolation from human cord blood  

Fresh cord blood was obtained with informed consent in accordance to the Declaration of Helsinki from the 

Geboortecentrum of the Wilhelmina KinderZiekenhuis. CB mononuclear cells (CBMCs) were separated using Ficoll-Paque 

PLUS density centrifugation. Briefly, 35mL of diluted CB (1:1 with PBS) were slowly layered onto 15mL Ficoll-Paque PLUS 

solution (GE-healthcare, ref. 17-1440-03) in a 50mL leukosep filtered tube (Greiner Bio-One). The tube(s) were spun at 

2300 rpm for 20 min (break=3 and ramp-up=8). The interphase layer and the plasma layer were harvested, and the CBMCs 

were washed twice in PBS (centrifuge settings: 1600 rpm for 10 min). The pellet was then diluted in 30mL cold MACS buffer 

(PBS + 1% BSA + 2mM EDTA) and cells were counted using Türk solution (Boom, ref. 1.09277.0500). An appropriate 

number of CBMCs were used to separate either CD3+ and/or CD8+ T cell fractions using Magnetic-Activated Cell Sorting 

(MACS). Shortly, the supernatant was removed from the CBMC fraction of interest, and the cells were incubated for 30 min 

at 4ºC with either CD3 or CD8-coupled magnetic microbeads (CD8 MicroBeads human kit, ref. 130-045-201, Miltenyi 

Biotec, and CD3 MicroBeads human kit, ref. 130-050-101, Miltenyi Biotec) in an appropriate volume of MACS buffer. T 

cells were further isolated using MACS columns (MS or LS columns depending on cell numbers, Miltenyi Biotec, ref. 130-

042-201 and ref. 130-042-401 respectively) and a MACS separator (Octo or QuadroMACS separator depending on column 

used, Miltenyi Biotec, ref. 130-042-109 and ref. 130-090-976 respectively) according to the manufacturer’s instructions. The 

purified cells were counted using 0.4% Trypan blue solution (Sigma, ref. T8154), and either cultured (see T cell culture) 

and/or frozen at -80ºC until further use.  

T cell culture 

Naïve CD3+ or CD8+ T cells (fresh or thawed) were cultured in complete CTL medium (RPMI 1640 medium + 10% human 

serum + 1% Penicillin/Streptomycin + 0.5uM Beta-mercaptoethanol) at a concentration of 0.5*106 cells/mL in a T25 flask. 

The CTL medium was supplemented with 50 U/mL IL-2, 5 ng/mL IL-7, and 5 ng/mL IL-15 (Miltenyi Biotech) unless 

otherwise specified. For initial T cell expansion, CD3/CD28 dynabeads (ThermoFisher Scientific, ref. 11161D) were used 

in a ratio of 1:2.5 aCD3/CD28 dynabeads to cells (or 10uL dynabeads for 1*106 cells). The stimulated cells were placed in 

the incubator (37ºC, 5% CO2) for 3-4 days, after which the beads were thoroughly removed using the DynaMag-15 

(ThermoFisher Scientific, ref. 12301D). The expanded cells were then used for downstream applications (see PD-1 knock-

out using Crispr/Cas9 and rTCR transduction using lentiviral vectors). Following transfection or transduction, the gene-

engineered cells were cultured in resting medium (complete CTL medium with 50 U/mL IL-2, 5 ng/mL IL-7, and 5 ng/mL 

IL-15) for 3-7 days. When needed, cells were cultured with (up to) 200 U/mL IL-2, 10 ng/mL IL-7, and 10 ng/mL IL-15 

(Miltenyi Biotech) to improve cell viability. 

PD-1 knock-out using Crispr/Cas9 

Guide RNA (gRNA) design 

PDCD1 guide RNA (gRNA) 1 was designed using the ChopChop software (https://chopchop.cbu.uib.no/, Labun et al., 

2019), which determines optimal (theoretical) target sites for a knockout by taking into account the efficiency of Cas9 

cleavage, the amount of off-target effects, and the location of the target site within the PDCD1 exons (among others). Based 

on this, the first ranking gRNA in the ChopChop database was selected. gRNA2 was selected at the recommendation of one 

of our group members, Annelisa Cornel (UMC Utrecht), and gRNA2 was also identified in the ChopChop database, ranking 

as fourth recommended. To align the gRNAs to the PDCD1 gene, the Benchling software (https://benchling.com) was 

used (Figure 13). The gRNAs were ordered from IDT and resuspended according to manufacturer’s instructions. To check 

for KO efficiency and off-target effects, the IDT DNA “CRISPR-Cas9 guide RNA design checker” tool (CRISPR-Cas9 

guide RNA design checker | IDT (idtdna.com)) was used. For an overview of the gRNA sequences see Table 1. Note that 

for both on-target and off-target score, a higher value is better (where applicable).  

Table 1: PDCD1 gRNAs and their predicted on-target and off-target scores. 

gRNA # gRNA 
source 

gRNA sequence PAM Predicted on-
target score 

Predicted off-target 
score 

Target 
exon 

gRNA1 ChopChop 5’-ACCGCCCAGACGACTGGCCA-3’ GGG 57.14 
(ChopChop) 
42 (IDT) 

No off-targets reported 
(ChopChop) 
82 (IDT) 
 

Exon 1 
+ strand 

gRNA2 Annelisa 
Cornel 
(UMCU) 

5’-GTCTGGGCGGTGCTACAACT-3’ 
 

GGG 60 (IDT) 
49.52 
(ChopChop) 

79 (IDT) 
1 off-target reported 
(ChopChop) 

Exon 1 
– strand 

https://chopchop.cbu.uib.no/
https://benchling.com/
https://eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE
https://eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE
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Figure 13: Alignment of PDCD1 gRNAs (within the PCR fragment). PAM sequences adjacent to each gRNA are shown in green. Forward and reverse PCR primers are 
shown in light blue and grey respectively. Note that the PCR fragment contains a region prior to the PDCD1 gene. The figuire was created using the Benchling software 

(https://benchling.com). 

PD-1 gRNA-Cas9 RNP assembly and electroporation 

crRNA:tracrRNA duplexes were formed for each of the PD-1 gRNAs (crRNAs) according to the Alt-R® CRISPR-Cas9 

System instructions, using the Alt-R® CRISPR-Cas9 tracrRNA (IDT, ref. 1072532). To form ribonucleoprotein (RNP) 

complexes, 0.75uL Alt-R® S.p. Cas9 Nuclease 3NLS (IDT, ref. 1074181) of initial concentration 61uM was diluted in 0.3uL 

resuspension buffer T (Neon® Transfection System 10μL Kit, Thermo Fisher Scientific, ref. MPK1096) to a final 

concentration of 18pmol and combined with 1uL of the crRNA:tracrRNA duplex (final concentration 22pmol), and the 

RNP mixture was incubated at RT for 10-20 min. Meanwhile, 0.5-1*106 expanded T cells (per condition) were washed twice 

in PBS (600 rpm, 10 min) and afterwards the pellet was resuspended in up to 8uL resuspension buffer T (per condition) for 

KO conditions, or up to 12uL for CTRL conditions. A 48-well plate was prepared with complete supplemented CTL 

medium (see T cell culture), and post-electroporation cells were cultured at a density of 1*106 cells/mL. Next, 2uL RNP 

complex, 8uL cell suspension and 2uL Alt-R® Cas9 Electroporation Enhancer (IDT ref. 1075915) were added to a 200uL 

PCR tube; for a CTRL condition, 12uL cell suspension were added instead. Finally, electroporation of PD-1 gRNAs into 

expanded T cells was performed following the manufacturers’ instructions (Neon® Transfection System 10μL Kit Thermo 

Fisher Scientific, ref. MPK1096) using the Neon® Transfection System (Thermo Fisher Scientific, ref. MPK5000).  

https://benchling.com/
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Phenotypic analysis of PDCD1 editing and FACS-sort of edited cells 

To test PD-1 KO efficiency phenotypically, T cell restimulation is needed. For this, gene-edited cells were cultured for 3-4 

days in complete CTL medium with aCD3/CD28 dynabeads in a ratio of a ratio of 1:2.5 dynabeads to cells (or 10uL 

dynabeads for 1*106 cells – this is referred to in the text as 1x beads stimulation). The dynabeads were then removed with 

the DynaMag™-2 Magnet (ThermoFisher Scientific, ref. 12321D), and cells were stained using the IR panel (see Flow 

cytometry). When needed to allow the FACS-sorting of edited cells (i.e.PD-1lo CD8+ T cells), cells were restimulated with a 

ratio of 1:1.25 aCD3/CD28 dynabeads to cells instead (20uL beads per 1*106 cells – this is referred to in the text as 2x beads 

stimulation). FACS sorting was performed with the help of Vania Lo Presti (UMC Utrecht), using a BD FACSAria III Cell 

Sorter and visualized with FACSDiva.  

Genetic analysis of PDCD1 editing  

Approximately 0.5-1*106 CTRL and KO cells were frozen as pellet at -80˚ at 3-7 days post-electroporation. Subsequently, 

the pellet was thawed and DNA extraction was performed according to manufacturers’ instructions using the NucleoSpin 

Tissue® kit (Macherey-Nagel, ref. 740952.250). DNA concentration was measured post-extraction using Nanodrop. A PCR 

reaction was then performed using the Phusion® High-Fidelity DNA Polymerase (New England BioLabs, ref. M0530L). 

Primers were designed following the recommended primer pairs by the ChopChop software from gRNA1 and ordered from 

IDT (ref. 358446034 and ref. 358446035 respectively). The following primers were used: 5’-CAG CAC TGC CTC TGT 

CAC TCT-3’ (forward primer) and 5’-ACC CCA CCT ACC TAA GAA CCA-3’ (reverse primer). Figure 13 shows the 

resulting 249bp PCR fragment and the primer annealing regions. Primer annealing temperatures were optimized using 

gradient PCR. Table 2 shows a PCR reaction mix, and Table 3 shows the PCR reaction settings. Subsequently, the PCR 

product was purified using the NucleoSpin Gel and PCR Clean‑up® kit (Macherey-Nagel, ref. 740609.250), following the 

manufacturers’ instructions for elution of small PCR fragments with high yield and concentration. The purified PCR 

products were then sequenced using the EZ-Seq platform offered by Macrogen Europe (EZ-Seq (macrogen-europe.com). 

Lastly, the sequenced PCR products were analyzed for knock-out efficiency and predicted insertions and deletions (indels) 

using the TIDE software (Tide (nki.nl), Brinkman et al., 2014). 

Table 2: PCR reaction mix, shown for 1 condition. 

PCR mix 
Final 

concentration 
For 1 

condition (uL) 

Milli Q water  28,5 

5x Phusion HF buffer 1x 10 

dNTP (10mM) 0,2 uM 1 

Primer fwd (10uM) 0,5 uM 2,5 

Primer rev (10uM) 0,5 uM 2,5 

Phusion enzyme (100x) 1x 0,5 

DNA 50ng 5 

Total volume w/o DNA  45 

Total volume  50 
Table 3: PCR reaction settings. 

 Temperature Time 

Denaturation 98 ºC 30s 

Cycle (35x) 

98 ºC 10s 

63.8 ºC 30s 

72 ºC 35s 

Extension 72 ºC 
5 

min 

Hold 4 ºC ∞ 

rTCR transduction using lentiviral vectors 

WT1-TCR and PRAME-TCR 3rd generation self-inactivating lentiviral vectors were produced in-house and kindly provided 

by Vania Lo Presti (UMC Utrecht) and Annelisa Cornel (UMC Utrecht). For the rTCR transduction, 0.5*106 expanded T 

cells were cultured for 12-16h in 200uL StemMACS medium (Miltenyi Biotec) supplemented with 1% 

Penicillin/Streptomycin in a flat-bottom 96-well plate, to which rTCR-LV was added at a multiplicity of infection (MOI) of 

10. To increase the transduction efficacy, LentiBOOST solutions A and B were added (1:100 v/v, SIRION Biotech). The 

remaining virus particles were washed off the following day and the cells were cultured for 6-7 days in complete 

supplemented CTL medium at a concentration of 0.5*106 cells/mL.  

https://dna.macrogen-europe.com/ezseq/order/index.jsp
https://tide.nki.nl/#about
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Mixed Leukocyte Reaction 

CD34+-derived dendritic cells (DCs) were matured from cord blood-derived CD34+ cells during a 15-day culture protocol 

containing three developmental stages: expansion (week 1), differentiation (week 2), and maturation (day 15) (described in 

more detail in de Haar et al. (2015) and Plantinga et al. (2020)). Mature HLA-A2+ or A2– DCs were kindly provided by Ester 

Dunnebach (UMC Utrecht) and Denise van den Beemt (UMC Utrecht) and frozen at -80˚C into multiple aliquots. DCs 

were thawed on day 0 of the MLR and stained for maturation (see Flow cytometry). DCs were washed twice in CTL medium 

prior to resuspension at a concentration of 0.2*106 cells/mL.  

HLA-A2- or A2+ CB-derived CD8+ T cells (the opposing HLA subtype of the DCs) were expanded and electroporated with 

different PDCD1 gRNAs as described above. T cells were stained with the IR panel on day 0 of the MLR (see Flow 

cytometry). 1*106 T cells per condition were labeled with CellTrace™ Violet Cell Proliferation Kit (Invitrogen, ref. C34571). 

Briefly, cells were washed in PBS and resuspended at a concentration of 2*106 cells/mL. CTV was diluted 12000x in PBS, 

and the CTV solution was added in a ratio of 1:1 to the cell suspension. The cells were then placed in the incubator at 37˚C 

for 7 min, and the suspension was gently swirled halfway through the incubation. The labeling was blocked with 5 mL 100% 

fetal calf serum (FCS), and the cells were washed and resuspended at a concentration of 1*106 cells/mL in complete CTL 

medium with 50 U/mL IL-2, unless otherwise specified.  

0.1*106 cells were plated in a round-bottom 96-well plate, and either 0.02*106 DCs were added to the corresponding wells 

or a corresponding volume of unsupplemented CTL medium. As positive control, 0.5uL aCD3/CD28 dynabeads were used. 

The co-culture was placed in the incubator at 37˚C for 4 days. On day 4, the plate was centrifuged for 3 min at 1600 rpm 

and the supernatant was collected for later analysis by freezing at -20˚C. The cells were then stained with the IR panel (see 

Flow cytometry) and analyzed on a BD LSRFortessa. 

In vitro killing assay 

K562 target cells previously transduced with the HLA-A2 molecule were labeled with CellTrace™ Violet Cell Proliferation 

Kit (Invitrogen, ref. C34571) as described above, with a prolonged CTV incubation of 20 min rather than 7 min. 

Subsequently, CTV-labeled target cells were pulsed O/N with 1ug/mL of WT1126 or PRAME425 peptide. For the killing 

assay, rTCR-T cells and K562 HLA-A2+ cells were plated at a effector to target ratio of 5:1 or 1:1, with a constant target cell 

number of 0.01*106 cells, in a round-bottom 96-well plate using complete unsupplemented CTL medium. After 12-16h of 

incubation, the supernatant was collected for later analysis by freezing at -20˚C, and the cells were then stained with the IR 

panel (see Flow cytometry) and analyzed on a BD LSRFortessa using FACSDiva. To normalize killing, a fixed sample volume 

was acquired, and furthermore T cell only and target cell only conditions were included to normalize cell counts.  

Supernatant ELISA 

Cell culture supernatants were collected following functional assays and frozen at -20˚C until later use. The IFNg and TNFa 

Human Uncoated ELISA kits (ref. 88-7316-88 and 88-7346-88 respectively; Invitrogen) were used according to the 

manufacturers’ instructions, and the experiments were kindly performed with the help of Ester Dunnebach (UMC Utrecht), 

acquired with the iMark™ Microplate Absorbance Reader (Bio-Rad, 168-1130), and analyzed using the Microplate 

Manager® Software.  

LEGENDplex 

Cell culture supernatants were collected following the exhaustion system and frozen at -20˚C until later use. To extensively 

measure cytokines secreted in supernatant, the LEGENDplex assay (BioLegend) was used, and the experiment was kindly 

performed and analyzed by Vania Lo Presti (UMC Utrecht).  

In vitro exhaustion system 

rTCR CD8+ T cells (±PD-1 KO) were cultured at a density of 0.5*106 cells/mL in a 48-well plate with complete CTL 

medium supplemented with 5ng/mL IL-7 and 5ng/mL IL-15 (Miltenyi Biotec). Cells were either unstimulated or stimulated 

with cognate peptide daily for 2-5 days depending on experimental settings. For WT1-TCR T cells, the HLA-A*0201-

restricted peptide RMFPNAPYL of WT1126 was used, and for PRAME-TCR T cells, the HLA-A*0201-restricted peptide 

SLLQHLIGL of PRAME425 was used. To enable the presentation of exogenously administered peptide on self-encoded 

MHC-I (i.e. thereby allowing the stimulation of neighboring T cells), only HLA-A2+ CD8+ T cells were used in the 

exhaustion systems. Different peptide concentrations were tested depending on the experimental settings – ranging between 

10ng/mL and 10ug/mL. To achieve the desired peptide concentrations, the peptide solution (1ug/ml, 10% DMSO in PBS) 

was diluted in PBS, and stored at -20ºC. During the exhaustion system, both unstimulated and stimulated cells were 
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supplemented with 100 U/mL IL-2 every 48h to support cell viability, and fresh supplemented CTL medium was added 

when needed. At days 0, 2, and 5 post-stimulation the cells were phenotyped using the IR panel (see Flow cytometry). At 

24h post-stimulation T cell activation was assessed using the activation-induced marker (AIM) assay staining panel (see Flow 

cytometry), which was adapted from Dan et al. (2016) and Reiss et al. (2017). At the end of the exhaustion system, the 

supernatant was collected and frozen at -20ºC for later analysis (see Supernatant ELISA and LEGENDplex), and the cells 

were resuspended in fresh supplemented CTL medium. In addition to the IR panel staining, the largest fraction of the 

unstimulated and peptide-stimulated cells was used in an O/N killing assay to assess loss of function (see In vitro killing 

assay).  

Flow cytometry 

For flow cytometric staining, cells were washed with and resuspended in MACS buffer (PBS + 1% BSA + 2mM EDTA). 

Cells were stained for 30 min at 4°C in the dark, and the samples were acquired on a BD LSRFortessa using FACSDiva. 

Data analysis was performed using the FlowJo™ software for Windows, version v10.6.2 (Treestar, Ashland, USA). For the 

HLA typing of CB, HLA-A2-PE (clone BB7.2, ref. 558570, BD Pharmigen) and CD45-APC (clone 2D1, ref. 340910, BD 

Biosciences) were used. Prior to the MLR, matured DCs were stained with HLA-DR-PE-Cy7 (clone L243, ref. 307616, 

Biolegend), CD83-FITC (clone HB15e, ref. 305306, Biolegend), CD11c-V450 (clone B-ly6, ref. 560369, BD Biosciences), 

PD-L1-BV650 (clone MIH1, ref. MIH1, BD Biosciences), and Fixable Viability Dye eFluor780 (ref. 65-0865-14; Thermo 

Fisher Scientific). To determine transduction efficiency of rTCR-T cells, untransduced and transduced cells were stained at 

7 days post-transduction using the following antibody mix: CD8-PE-Cy7 (clone SK1, ref. 335822, BD Biosciences), Fixable 

Viability Dye eFluor780 (ref. 65-0865-14; Thermo Fisher Scientific), and TCR Vβ21.3-FITC (clone IG125, PN IM1483; 

Beckman Coulter) for rWT1-TCR or TCR Vβ1-FITC (clone REA662, ref. 130-110-044, Miltenyi Biotec) for rPRAME-

TCR. The following Inhibitory Receptor (IR) panel was used to stain T cells throughout the experiments: Fixable Viability 

Dye eFluor780 (ref. 65-0865-14; Thermo Fisher Scientific), TIM-3-APC (clone 344823, ref. FAB2365A; R&D Systems), 

LAG-3-PE (ref. FAB2319P, R&D Systems), CD3-FITC (clone OKT3, ref. 317306, BioLegend), PD-1-BV711 (clone 

EH12.2H7, ref. 329928, BioLegend), and CD8-PE-Cy7 (clone SK1, ref. 335822, BD Biosciences). For the AIM assay, T 

cells were stained 24h post-stimulation with CD69-APC (clone FN50, ref. 2154550, Sony Biotechnology), CD137-PE (clone 

4B4-1, ref. 309804, BioLegend), Fixable Viability Dye eFluor 780 (ref. 65-0865-14; Thermo Fisher Scientific), CD3-FITC 

(clone OKT3, ref. 317306, BioLegend), PD-1-BV711 (clone EH12.2H7, ref. 329928, BioLegend), and CD8-PE-Cy7 (clone 

SK1, ref. 335822, BD Biosciences).  

Statistical analysis 

GraphPad Prism v.8.3.0 for Windows was used to plot graphs and perform statistical analyses (GraphPad Software, San 

Diego, California USA, www.graphpad.com). One-way and two-way ANOVAs and t-tests were used to analyze significance 

across groups according to experimental settings. The data is presented as mean ±SD unless otherwise specified. Significance 

is depicted as follows: *p ≤0.05, **p ≤0.01, ***p ≤0.00, and ****p ≤0.0001.  

 

http://www.graphpad.com/
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Supplementary materials  

 

Figure S1: Supplementary data corresponding to MLR experiments. A: Summary graphs showing the effect of helped or helpless CD8+ T cells 
across MLR conditions in terms of IFNg secretion (left) and TNFa secretion (right) during several MLRs. For more details, see Figure 5. B: Summary 
graph depicting IFNg and TNFa secretion by CD8+ T cells cultured in 50ng/ml IL-2-supplemented culture medium. For more details, see Figure 6. 
C: T cell FACS phenotyping at the beginning of the MLR. For more details, see Figure 7. Statistical analysis was not performed due to low sample 
count per experiment (n=2). Error bars represent SD, columns represent mean.  
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Figure S2: Supplementary data corresponding to in vitro exhaustion system experiments. A: Graph showing the PD-1, CD69, and CD137 
expression at 24h post stimulation and PD-1 and TIM-3 expression at 5 days post-stimulation of one exhaustion experiment stimulated with 0, 10ng, 
or 10ug/ml peptide. For more details, see Figure 9. B: Inhibitory receptor expression (left) and T cell viability (right) after a 48h 10ug/ml exhaustion 
system. For more details, see Figure 10. C: Sorting strategy of rTCR T cells. Note that TCRvB1-FITC is used to recognize PRAME-TCR T cells, 

whereas TCRvB21.3 is used to recognize WT1-TCR T cells. For more details, see Figure 11.  
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Figure 14:  Supplementary data corresponding to the exhaustion system where PD-1 KO rTCR T cells were tested. A: Representative FACS 
plots showing the efficiency of the PD-1 KO. B: Representative FACS plots showing the efficiency of rTCR lentiviral transduction. C: Representative 
FACS plots showing T cell activation (AIM assay) at 24h post-stimulation as PD-1, CD69 and CD137 surface expression. D: Representative FACS 
plots showing peak T cell activation at 48h post-stimulation as PD-1 and TIM-3 surface expression. For more details, see Figure 12. 
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