[bookmark: _Toc214540407]Supplementary Results
Prostate cancer survival fixed-effects meta-analysis
As a sensitivity analysis, random-, rather than fixed-, effects meta-analysis estimates for prostate cancer survival outcomes were used. As for the primary analyses using fixed-effects meta-analysis estimates, there was also no evidence to support effects of PD-1 lowering (HR per SD unit decrease PD-1=0.95, 95% CI=[0.81,1.13]) or PD-L1 lowering (HR per SD unit decrease PD-L1=1.03, 95% CI=[0.94,1.14]) on risk of prostate cancer-specific mortality when using random-effects meta-analysis estimates. 

Sensitivity analyses
Investigating the association of genetic instruments with plasma protein levels in individuals with cancer diagnoses
The PD-1 and PD-L1 instruments were constructed based on genetic associations with these proteins in plasma estimated in a sample that was not restricted to cancer patients [1]. Thus, we also aimed to assess whether our lead instruments were associated with PD-1 or PD-L1 protein levels in plasma in individuals with a cancer diagnosis. Additionally, as cancer patient plasma PD-1 or PD-L1 protein levels may be influenced by factors such as treatment following diagnoses, we also compared these associations in individuals prior to, or following, cancer diagnoses. 

The associations of the lead PD-1 (rs75960776) and PD-L1 (rs822341) instruments with their respective protein levels were consistently in the same direction and of broadly similar magnitude across individuals with and without a cancer diagnosis (Supplementary Fig.7). Findings were also generally consistent amongst individuals with cancer diagnosed before or after protein measurements (Supplementary Fig.7) and were largely robust to a more comprehensive covariate adjustment strategy (Supplementary Fig.8). There was also very little evidence for modifying effects of duration between blood sample collection (used for protein measurement) and cancer diagnosis on the effects of the lead instruments on plasma protein levels (Supplementary Table 7). These findings therefore support the utility of applying our instruments to samples of participants with cancer diagnoses, even though these were not constructed from a cancer patient population.
Investigating the association of genetic instruments with immune cell population gene expression
PD-1 expression on T cells is proposed to be most relevant to the mechanism of clinical benefit of PD-1 pharmaceutical inhibition [2]. Relevant genetic data for T cell PD-1 protein levels were not available so we investigated the association of the lead PD-1 instrument with expression of the relevant protein-encoding gene (PDCD1) across different T cell populations using the Database of Immune Cell Expression, eQTLs and Epigenomics (DICE) (https://dice-database.org/) [3, 4]. Effects of the lead PD-1 instrument (rs75960776) oriented to reflect reduced plasma PD-1 protein levels were generally consistent with decreased PDCD1 expression across T cell populations, aside from in activated naïve CD4 and CD8 T cell populations (Supplementary Fig.9). However, there was little statistical evidence to support any of these associations once adjusted for multiple testing (false discovery rate (FDR) p<0.05), including for CD8 T cells which have been proposed as the most relevant T cell populations for the mechanism of action of PD-1 and PD-L1 inhibitors (Supplementary Table 8) [5-10]. There is conflicting evidence for potential roles of other T cell populations such as T regulatory and other CD4 T cells [5-10]. We generally observed effects of our lead PD-1 instrument on T cell PDCD1 expression in the expected direction of effect (i.e. genetic variant associated with lower protein levels also associated with decreased gene expression), but with lack of statistical evidence to support these associations. Consequently, there was no strong evidence to support the application of this PD-1 instrument to proxy relevant gene expression in T cell populations, including those such as CD8 T cells, which are proposed to have the greatest relevance for this proxied exposure.
[bookmark: _Toc214540408]Investigating the association of genetic instruments with tumour gene expression
Our PD-L1 instruments were constructed based on genetic associations with proteins identified in plasma and so may not accurately capture the mechanism of clinical benefit of PD-L1 inhibitors which arise from inhibition of tumour expressed PD-L1 [2]. There was lack of available data for tumour PD-L1 protein levels, therefore we looked up the lead PD-L1 instrument (rs822341) associations with tumour CD274 (PD-L1 encoding gene) expression in relevant The Cancer Genome Atlas (TCGA) studies using PancanQTL (https://gong_lab.hzau.edu.cn/PancanQTL) [11] which reports only associations with FDR p<0.05. 

There was no record of rs822341 associations with tumour CD274 expression across the studied TCGA sites in PancanQTL which could reflect the absence of this variant in the dataset or lack of evidence to support these associations using FDR p<0.05. We also investigated whether any LD proxies (R2<0.6) of rs822341 were reported to be associated with tumour CD274 expression at these sites, however there was no evidence to suggest this either based on available data (FDR p<0.05 reported associations). We also did not observe any PancanQTL reported tumour cis CD274 eQTLs for any TCGA study to be in LD with rs822341 (R2<0.6) (range LD R2 with rs822341=[1.7x10-4, 0.57]). Therefore, we did not observe strong evidence to suggest that either the lead PD-L1 instrument or its proxies are associated with tumour CD274 gene expression in the TCGA dataset, and none of the cis variants associated with tumour CD274 gene expression are in high LD with the lead PD-L1 instrument.

We also investigated whether cis eQTLs for CD274, in TCGA studies corresponding to our survival outcomes, were associated with risk of mortality. There were 24 reported cis CD274 eQTLs across nine TCGA studies, including seven eQTLs across three of the six sites included in our analyses (breast, lung squamous cell and ovarian tumour tissues) (Supplementary Table 9) (FDR p<0.05). 

The only reported cis CD274 eQTL in ovarian tumour tissue (rs12344204) (Supplementary Table 9) was missing from the ovarian cancer survival GWAS summary statistics. LD proxies for this variant could not be looked up due to missingness from the 1000 Genomes Project European ancestry reference panel.

Of the three reported cis CD274 eQTLs for lung squamous cell tumour tissue (Supplementary Table 9), only one of these was present in the lung cancer survival GWAS summary statistics (rs10975588). However, rs10975588 has palindromic alleles and PancanQTL did not report variant allele frequencies. Therefore, as allele frequency is required to resolve strand ambiguity, this variant could not be harmonised with the lung cancer survival GWAS summary statistics for use in MR with interpretation of direction of effect. Therefore, none of the reported cis CD274 eQTLs for lung squamous cell carcinoma tumour tissue could be included in MR analyses with the lung cancer survival outcome. We next assessed whether there were any LD proxies (R2<0.6) of the top reported cis lung squamous cell tumour CD274 eQTL (rs12344204). However as described above for ovarian cancer tissue analyses, it was not possible to look up an LD proxy for rs12344204. We then looked up an LD proxy for the cis lung squamous cell tumour CD274 eQTL with the next strongest evidence for association with CD274 (rs10975588). An LD proxy for rs10975588, rs118166192, was identified (LD R2 between rs10975588 and rs118166192=0.96) and used in MR analyses. 

For breast tumour tissue, there were four reported cis CD274 eQTLs (Supplementary Table 9) and of these, three were also present in the breast cancer survival GWAS summary statistics including the variant with the strongest evidence for association with CD274 (rs822337). However, rs822337 was not included in MR analyses because this variant has palindromic alleles. The reported cis CD274 eQTL for breast tumour with the next strongest evidence for association with CD274 (rs17804441) was instead used in MR analyses.

Therefore, only breast and lung squamous cell tumour tissues had eQTLs which were ‘usable’ as instruments in MR analyses. MR analyses were performed for participants diagnosed with breast or lung cancer, using rs118166192 as the instrument for lung squamous cell carcinoma tumour CD274 expression and rs17804441 as the instrument for breast tumour CD274 expression. These variants are not in strong LD with the lead PD-L1 instrument (rs822341) (LD R2 with rs822341=2.6x10-4 (rs118166192); 0.11 (rs17804441)). There was no strong statistical evidence to support an effect of decreased breast tumour CD274 expression on risk of breast cancer-specific mortality (HR=1.24 [0.88,1.74]) (Supplementary Fig.10A). In contrast, there was some nominal evidence to support an effect of decreased lung squamous cell tumour CD274 expression on risk of all-cause mortality for lung cancer patients (HR=0.74 [0.55,1.00]) (Supplementary Fig.10B).
Investigating the association of genetic instruments with anatomical site tissue gene expression
To further assess PD-L1 instrument validity at relevant tissue sites, although for non-tumour samples, we also investigated whether the lead PD-L1 instrument (rs822341) was associated with CD274 gene expression in Genotype-Tissue Expression (GTEx) tissues (https://www.gtexportal.org/home/) [12]. Per copy of the rs822341 allele associated with reduced PD-L1 protein levels in plasma, the unit decrease in CD274 gene expression was: -0.12 [-0.22, -0.01] in breast mammary tissue, -0.04 [-0.16, 0.08] in colon sigmoid tissue, -0.11 [-0.21, -0.01] in colon transverse tissue, -0.05 [-0.13, 0.03] in lung tissue, -0.04 [-0.12, 0.04] in skin (sun exposed, lower leg) tissue, -0.04 [-0.22, 0.14] in ovary tissue and -0.06 [-0.19, 0.07] in prostate tissue (Supplementary Fig.11). Therefore, these findings do not provide strong support for application of the lead PD-L1 instrument to proxy expression of the gene encoding this protein in non-tumour tissue samples corresponding to all our tumour sites of interest.
Robustness to instrument construction criteria 
The PD-1 and PD-L1 instrument sets were constructed using liberal instrument construction criteria (p-value<5x10-6, ±500kb genomic window size from respective protein-encoding gene, LD R2<0.3) to increase statistical power. To further assess whether this may have introduced biases, such as weak instrument or horizontal pleiotropy bias, analyses using stricter instrument construction criteria were performed. Findings were generally similar across different instrument construction criteria (Supplementary Fig.12). 
Iterative “leave-one-out” analyses
To assess whether any individual genetic variant within the instrument sets could account for our results, analyses were re-performed by removing one genetic variant from the instrument set at a time. MR estimates generated for instrument sets iteratively excluding one of the single nucleotide polymorphisms (SNPs) in the instrument were generally consistent with findings obtained when using the entire instrument set (Supplementary Fig.13-14).
White blood cell count
The mechanism of action of PD-1 and PD-L1 may be mediated to some extent by T cell count [13, 14]. As T cell count data were not available, we assessed the effects of genetically proxied PD-1 or PD-L1 plasma protein lowering on white blood cell count. We had originally proposed these analyses as both a positive control outcome and to assess potential underlying mechanisms of action for observed effects [4]. However, upon further consideration of the literature we have only performed this analysis in the context of investigating whether there is evidence to support observed effects of PD-1 or PD-L1 lowering on cancer survival acting via white blood cell levels. There was little evidence to support effects of genetically proxied decreased PD-1 or PD-L1 plasma protein levels on white blood cell count for the UK Biobank cohort study participants, cancer-free cohorts or cancer patient cohorts (Supplementary Fig.15). 
Phenome-wide association study
A phenome-wide association study (PheWAS) was performed to assess whether the lead instruments were associated with any phenotypes available in the OpenGWAS database (https://opengwas.io/) [15] (N traits=50,047) with the potential to introduce horizontal pleiotropy bias or to act as potential mediators.  

The lead PD-1 instrument (rs75960776), oriented to reflect decreased plasma PD-1 protein levels, was associated with decreased expression of five genes in blood (PD-1 encoding gene: PDCD1; long intergenic non-coding RNAs: LINC01237 and LINC01238; receptor transporter protein 5 (RTP5) and inhibitor of growth family member 5 (ING5)) but increased expression of the long intergenic non-coding RNA LINC03100 (Supplementary Table 10). Although we did not observe evidence to support effects of genetically proxied PD-1 on overall white blood cell count in UK Biobank participants (Supplementary Fig.15), the lead PD-1 instrument was associated with increased eosinophil count and eosinophil proportion and decreased neutrophil proportion in the PheWAS (Supplementary Table 10).

In contrast, the lead PD-L1 genetic variant (rs822341), associated with decreased plasma PD-L1 protein levels, was only associated with three phenotypes: increased PLGRKT gene expression, increased risk of ulcerative colitis (OR=1.11, FDR p-value=5.6x10-5) and increased risk of inflammatory bowel disease (OR=1.07, FDR p-value=0.01) (Supplementary Table 10). 
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[bookmark: _Ref214540162][bookmark: _Toc214540499][bookmark: _Toc223953267][bookmark: _Toc223956609]Supplementary Table 1: Medicines and Healthcare Regulatory Agency (MHRA) indications of PD-1 and PD-L1 inhibitors across the cancer sites included in analyses.
	Target
	Drug
	Site

	
	
	Breast
	Colorectum
	Lung
	Melanoma
	Ovary
	Prostate

	PD-1
	Cemiplimab (Libtayo)
[16]
	-
	-
	· First-line locally advanced NSCLC treatment (tumour cell PD-L1≥50%, lack of EGFR, ALK, ROS1 mutations)*
· First-line metastatic NSCLC treatment (tumour cell PD-L1≥50%, lack of EGFR, ALK, ROS1 mutations)*
· First-line locally advanced NSCLC treatment (tumour cell PD-L1≥1%, lack of EGFR, ALK, ROS1 mutations)**
· First-line metastatic NSCLC treatment (tumour cell PD-L1≥1%, lack of EGFR, ALK, ROS1 mutations)**
	-
	-
	-

	
	Dostarlimab (Jemperli)
[17]
	-
	-
	-
	-
	-
	-

	
	Nivolumab 
(Opdivo)
[18, 19]
	-
	· MSI-H/dMMR metastatic colorectal cancer treatment following prior chemotherapy**
· First-line MSI-H/dMMR unresectable or metastatic colorectal cancer treatment**

	· Locally advanced or metastatic NSCLC treatment following prior chemotherapy*
· First-line metastatic NSCLC treatment (lack of EGFR, ALK mutations)**
· Resectable NSCLC treatment**
· Resectable NSCLC treatment (lack of EGFR, ALK mutations) (neoadjuvant** then adjuvant*)

	· Unresectable or metastatic melanoma treatment*,**
· Stage IIB or IIC melanoma treatment*
· Resected metastatic melanoma or melanoma with lymph node involvement*
	-
	-

	
	Pembrolizumab
(Keytruda) [20]
	· Locally advanced or early-stage TNBC with high recurrence risk treatment (neoadjuvant** then adjuvant*)
· Locally recurrent unresectable or metastatic TNBC (PD-L1 CPS≥10, no chemotherapy treatment for metastatic disease prior)**
	· First-line metastatic MSI-H/dMMR treatment*
· Unresectable or metastatic MSI-H/dMMR treatment following chemotherapy*
	· Resectable NSCLC with high recurrence risk treatment (neoadjuvant** then adjuvant*)
· NSCLC with high recurrence risk after resection and prior chemotherapy treatment*
· First-line metastatic NSCLC treatment (PD-L1 TPS≥50%, lack of EGFR, ALK mutations)*
· First-line metastatic NSCLC treatment (lack of EGFR, ALK mutations)**
· First-line metastatic squamous NSCLC**
· Locally advanced or metastatic NSCLC (PD-L1 TPS≥1%, prior chemotherapy treatment and targeted therapy if EGFR, ALK mutations present)*
	· Unresectable or metastatic melanoma*
· Stage IIB, IIC or III melanoma following resection*
	-
	-

	PD-L1
	Atezolizumab
(Tecentriq) [21-23]
	· Unresectable locally advanced or metastatic TNBC (tumour PD-L1≥1%, no chemotherapy treatment for metastatic disease prior)**
	-
	· High risk recurrence NSCLC treatment (tumour PD-L1≥50%, lack of EGFR, ALK mutations, following resection and prior chemotherapy)*
· First-line metastatic non-squamous NSCLC**
· NSCLC treatment following prior failed therapies (EGFR or ALK mutations present)**
· First-line metastatic non-squamous NSCLC treatment (lack of EGFR, ALK mutations)**
· First-line metastatic NSCLC treatment (tumour PD-L1≥50% or tumour-infiltrating immune cell PD-L1≥10%, lack of EGFR, ALK mutations)*
· First-line advanced NSCLC treatment (ineligible for alternative therapies)*
· Locally advanced or metastatic NSCLC treatment (prior chemotherapy treatment and targeted therapy if EGFR, ALK mutations present)*
· First-line extensive-stage SCLC**
	-
	-
	-

	
	Avelumab
(Bavencio) [24]
	-
	-
	-
	-
	-
	-

	
	Durvalumab
(Imfinzi) [25]
	-
	-
	· Resectable NSCLC treatment (lack of EGFR, ALK mutations)**
· Locally advanced, unresectable NSCLC treatment (tumour PD-L1≥1%, with lack of progression after prior chemoradiation)*
· Limited-stage SCLC treatment (with lack of progression after prior chemoradiation)*
· Fist-line extensive-stage SCLC treatment**
	-
	-
	-


Abbreviations: PD-1=programmed cell death protein 1, PD-L1=programmed Death-Ligand 1, NSCLC=non-small cell lung cancer, MSI-H=microsatellite instability-high, dMMR=deficient DNA mismatch repair, TNBC=triple negative breast cancer, CPS=combined positive score, TPS=tumour proportion score, SCLC=small cell lung cancer.
* indicates approvals as monotherapy, ** indicates approved as part of combination therapy (obtained 18th July 2025)


Supplementary Figure 1: Forest plots for PD-1 instruments on cancer survival outcomes
[image: ]



[bookmark: _Toc223956611]Forest plots of Wald ratios for each PD-1 instrument on breast (A), colorectal (B), lung (C), melanoma (D), ovarian (E) or prostate (F) cancer survival, in comparison to the respective MR-IVW (inverse variance weighted) estimate for the whole instrument set.

[image: ]Supplementary Figure 2: Forest plots for PD-L1 instruments on cancer survival outcomes[bookmark: _Toc223956613]Forest plots of Wald ratios for each PD-L1 instrument on breast (A), colorectal (B), lung (C), melanoma (D), ovarian (E) or prostate (F) cancer survival, in comparison to the respective MR-IVW (inverse variance weighted) estimate for the whole instrument set.

Supplementary Figure 3: Scatter plots of PD-1 instrument effects on protein levels compared to cancer survival
[image: ][bookmark: _Toc223956616]Scatter plots of each PD-1 instrument’s effect on plasma PD-1 protein level compared to breast (A), colorectal (B), lung (C), melanoma (D), ovarian (E) or prostate (F) cancer survival.

[image: ]Supplementary Figure 4: Scatter plots of PD-L1 instrument effects on protein levels compared to cancer survival[bookmark: _Toc223956619]Scatter plots of each PD-L1 instrument’s effect on plasma PD-1 protein level compared to breast (A), colorectal (B), lung (C), melanoma (D), ovarian (E) or prostate (F) cancer survival.

[bookmark: _Toc214540510][image: ]Supplementary Figure 5: Funnel plots for PD-1 instruments
[bookmark: _Toc223956622]Funnel plots of PD-1 instrument beta effect estimates compared to inverse standard errors for each site-specific instrument set (A: breast, B: colorectal, C: lung, D: melanoma, E: ovarian, F: prostate cancer).













































Supplementary Figure 6: Funnel plots for PD-L1 instruments
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[bookmark: _Ref223953909][bookmark: _Toc223954018][bookmark: _Toc223954698][bookmark: _Toc223956623]Funnel plots of PD-L1 instrument beta effect estimates compared to inverse standard errors for each site-specific instrument set (A: breast, B: colorectal, C: lung, D: melanoma, E: ovarian, F: prostate cancer).
Supplementary Figure 7: Associations of lead PD-1 or PD-L1 genetic instruments with protein levels in UK Biobank cancer cohorts
[image: ][bookmark: _Toc223954019][bookmark: _Toc223954699][bookmark: _Toc223956624][bookmark: _Toc223954038]Beta effect estimates (95% CI) of lead PD-1 or PD-L1 instrument on respective plasma protein expression for different UK Biobank cohorts (N = number of participants in cohort), adjusted for age, genetic principal component 1-5 and sex (where relevant). Any cohort = participants diagnosed with cancers at any anatomical site; pooled cohort = participants diagnosed with breast, colorectal, lung, melanoma, ovarian or prostate cancer; incident cohort = participants with blood sampling performed prior to first cancer diagnosis; prevalent cohort = participants with blood sampling performed after first cancer diagnosis.
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[image: ]Supplementary Figure 8: Associations of lead PD-1 or PD-L1 genetic instruments with protein levels in UK Biobank cancer cohorts, adjusted for covariates matching [1]




























Beta effect estimates (95% CI) of lead PD-1 or PD-L1 instrument on respective plasma protein expression for different UK Biobank cohorts (N = number of participants in cohort), adjusted for age, genetic principal component 1-20, sex (where relevant), genotype measurement batch, geographic location of first assessment centre visit and duration between blood sampling collection and protein level measurement. Any cohort = participants diagnosed with cancers at any anatomical site; pooled cohort = participants diagnosed with breast, colorectal, lung, melanoma, ovarian or prostate cancer; incident cohort = participants with blood sampling performed prior to first cancer diagnosis; prevalent cohort = participants with blood sampling performed after first cancer diagnosis.
Supplementary Figure 9: Lead PD-1 instrument (rs75960776) effect on PDCD1 expression
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[bookmark: _Toc223954021][bookmark: _Toc223954701][bookmark: _Toc223956626]Beta effect estimates (95% CI) of lead PD-1 instrument on PDCD1 (PD-1-encoding gene) expression for different DICE T cell populations, oriented to reflect the allele associated with decreased plasma PD-1 protein levels.

























Supplementary Figure 10: Effect of genetically proxied tumour CD274 (PD-L1 encoding gene) on cancer survival
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[bookmark: _Toc223954022][bookmark: _Toc223954702][bookmark: _Toc223956627]Wald ratios of selected cis CD274 eQTL (or proxy variant) effects of tumour CD274 gene expression on risk of mortality for breast (A) or lung (B) cancer tumour samples and patient populations. (BRCA=breast invasive carcinoma, LUSC=lung squamous cell carcinoma).










Supplementary Figure 11: Lead PD-L1 instrument (rs822341) effect on CD274 expression[image: ][bookmark: _Toc223954023][bookmark: _Toc223954703][bookmark: _Toc223956628][bookmark: _Toc223954042]Beta effect estimates (95% CI) of lead PD-L1 instrument on CD274 (PD-L1-encoding gene) expression for different anatomical tissue sites obtained from the GTEx v8 dataset, oriented to reflect decreased plasma PD-L1 protein levels.

































Supplementary Figure 12: Effects of PD-1 and PD-L1 proxied using instruments selected with different criteria on risk of mortality
[image: ]











































[bookmark: _Toc223954024][bookmark: _Toc223954704][bookmark: _Toc223956630][bookmark: _Toc223954043]Hazard ratios (95% confidence intervals) for risk of mortality per standard deviation decrease in genetically proxied plasma PD-1 or PD-L1 protein level for breast, colorectal, lung, melanoma, ovarian or prostate cancer patients across different instrument construction criteria: window size (A), p-value (B), LD R2 (C).

Supplementary Figure 13: PD-1 instrument set ‘leave-one-out’ analysis forest plots
[image: ]
[bookmark: _Toc223954025][bookmark: _Toc223954705][bookmark: _Toc223956632][bookmark: _Toc223954044]Hazard ratio (HR) per standard deviation decrease in plasma PD-1 protein level on breast (A), colorectal (B), lung (C), melanoma (D), ovarian (E) or prostate (F) cancer survival proxied by the entire instrument set (instrument excluded from set=none) or the entire instrument set excluding one instrument, accounting for LD between variants.

Supplementary Figure 14: PD-L1 instrument set ‘leave-one-out’ analysis forest plots
[image: ]


[bookmark: _Toc223954026][bookmark: _Toc223954706][bookmark: _Toc223956633][bookmark: _Toc223954045]Hazard ratio (HR) per standard deviation decrease in plasma PD-L1 protein level on breast (A), colorectal (B), lung (C), melanoma (D), ovarian (E) or prostate (F) cancer survival proxied by the entire instrument set (instrument excluded from set = none) or the entire instrument set excluding one instrument, accounting for LD between variants.

[image: ]Supplementary Figure 15: Effects of PD-1 or PD-L1 protein genetic risk scores on white blood cell count
[bookmark: _Toc223954027][bookmark: _Toc223954707][bookmark: _Toc223956635]Beta effect estimates (95% CI) of PD-1 or PD-L1 genetic risk scores on white blood cell count for different UK Biobank cohorts (N=number of participants in cohort, WBC=white blood cell count).







[bookmark: _Toc223954028][bookmark: _Toc223954708][bookmark: _Toc223956636][image: ]Supplementary Figure 16: Effects of genetically proxied protein levels on risk of breast cancer-specific mortality for patient sub-groups
Hazard ratios (95% confidence intervals) for risk of mortality standard deviation (SD) decrease in genetically proxied plasma PD-1 or PD-L1 protein level for breast cancer patients across different patient subgroups (ER=oestrogen receptor, PR=progesterone receptor, HER2=human epidermal growth factor receptor 2, CMF=Cyclophosphamide Methotrexate Fluorouracil chemotherapy).
Supplementary Figure 17: Effects of genetically proxied protein levels on risk of colorectal cancer-specific mortality for patient sub-groups
[image: ]
[bookmark: _Toc223954029][bookmark: _Toc223954709][bookmark: _Toc223956637]Hazard ratios (95% confidence intervals) for risk of mortality per standard deviation (SD) decrease in genetically proxied plasma PD-1 or PD-L1 protein level for colorectal cancer patients across different patient stage and sub-type subgroups.
Supplementary Figure 18: Effects of genetically proxied protein levels on risk of all-cause mortality for lung cancer sub-groups
[image: ]
[bookmark: _Toc223954030][bookmark: _Toc223954710][bookmark: _Toc223956638]Hazard ratios (95% confidence intervals) for risk of mortality per standard deviation (SD) decrease in genetically proxied plasma PD-1 or PD-L1 protein level for lung cancer patients across different patient stage subgroups.
Extended discussion
Supplementary Note 1
Lack of instrument validity may have arisen in our analyses due to violations of the relevance assumption (i.e. the assumption that instruments are associated with the exposure of interest) and the exclusion restriction assumption (i.e. the assumption that instruments only influence the outcome via the hypothesised exposure) [26]. Findings across instrument validation analyses are summarised in Supplementary Table 13.

Supplementary Table 13: Summarised findings across instrument validation analyses for the PD-1 or PD-L1 instrument set (positive control analyses) or lead PD-1 or PD-L1 instruments. 
	Instrument validation analysis
	PD-1 instrument
	PD-L1 instrument

	Association with risk of mortality for cancers PD-1/L1 inhibitors are currently approved to treat*?
· Site-specific analyses

· Combined analyses
	



· Only for CRC and early-stage lung cancer 
· Yes
	



· Only for early-stage lung cancer
· No

	Association with plasma protein levels in cancer patient population?
	Yes
	Yes

	Association with protein levels in cell types relevant for mechanism of action?
	Not possible to assess
	Not possible to assess

	Association with expression of protein-encoding gene in cell types relevant for mechanism of action?
	T cells - No
Blood - Yes (expect blood PD-1 levels to be influenced to some extent by T cell PD-1 levels [27])
	Tumour cells – No (but analyses were limited by lack of access to complete data)

	Summary
	Findings generally support PD-1 instrument validity but suggest low statistical power to detect effects on positive control outcomes at the individual cancer site level
	Findings generally do not support PD-L1 instrument validity, suggesting that plasma PD-L1 levels may not be reflective of tumour PD-L1 levels


*PD-1 and/or PD-L1 inhibitors currently approved to treat breast, colorectal (CRC), lung cancer and melanoma patient populations in the UK [16-25]

Violations of the relevance assumption can be introduced when there is a mismatch between the populations of the studies used to define the exposure and outcome. This was the case in our analyses as the instruments were constructed using data obtained from a population not restricted to cancer patients (i.e. a ‘general population’), while the outcome was defined using data from cancer patient populations. Prior studies have observed increased expression of PD-1 or PD-L1 in blood or plasma of cancer patients compared to individuals without a cancer diagnosis [28, 29] and alterations in expression of these proteins are proposed to underly the mechanism of action of these medications [5, 30-34]. Therefore, it is plausible that associations between genetic variants and plasma protein levels may differ between cancer patient and ‘general’ populations. However, consistency of the lead PD-1 and PD-L1 instrument associations with respective plasma protein levels in UK Biobank participants with and without a cancer diagnosis supported relevance of our constructed instruments in both populations. 

The relevance assumption may also be violated when tissues related to the biological effect of the exposure are not used in instrument construction. In these analyses, we constructed instruments based on plasma protein measures whilst the clinically relevant tissues for the mechanisms of action of the immune checkpoint inhibitors are proposed to be T cells for PD-1 and tumour cells for PD-L1 [2]. Overall, we observed no strong evidence to support effects of the lead PD-L1 instrument on relevant gene expression in tumour tissues, while there was some evidence to support effects of the lead PD-1 instrument on relevant gene expression in blood, but not specifically T cells.

In the PheWAS we conducted, we observed evidence to support effects of the lead PD-1 instrument on blood PDCD1 (PD-1 encoding gene) expression. However, we observed little evidence to support effects of the lead PD-1 instrument on PDCD1 expression in T cell populations, although only 91 participants were included in this dataset so analyses likely lacked statistical power [3]. Levels of circulating PD-1 in plasma are proposed to arise from alternative splicing or proteolytic cleavage from cells which express PD-1, including T cells [27]. Therefore, we would expect plasma PD-1 levels to be associated with T cell transmembrane PD-1 levels, however T cells may not be the only source of plasma PD-1 proteins as PD-1 is expressed on the membrane of a number of other immune cell types (e.g. B cells, natural killer cells, etc) [27]. Consequently, this lack of support for instrument validity in T cell populations may be explained by low statistical power.

For our constructed PD-L1 instrument sets, there was some evidence to support effects on breast mammary and colon transverse tissue expression of the PD-L1-encoding gene (CD274) in the same direction of effect as on plasma PD-L1 protein levels. Furthermore, although there was no strong evidence to suggest the lead PD-L1 instrument was associated with CD274 at tumour sites of interest, these analyses were limited as we were only able to access results robust to multiple testing correction (i.e. results with FDR p<0.05). It was not possible to assess the association of the lead PD-1 or PD-L1 instrument with protein levels at these biologically relevant sites, or with respect to effects on T cell count for PD-1. Additionally, although T cells and tumour cells may be the main biologically relevant tissues for PD-1 and PD-L1 inhibitors, both proteins are also expressed on a range of other cell types, including PD-1 expression on some tumour cells and PD-L1 expression on some immune cell populations [5, 35]. Therefore, the most biologically relevant tissues for PD-1 and PD-L1 protein levels with respect to the mechanisms of action of these inhibitors may not be as simple as these analyses assume. 

Finally, we also considered potential violations of the relevance assumption by assessing the effects of our constructed instruments on positive control outcomes. Through including cancer sites with current PD-1 or PD-L1 indications, albeit not with population characteristics exactly matching these indications, this was possible for four of the cancer survival outcomes (breast, colorectum, melanoma and lung). Effect estimates for genetically proxied PD-1 plasma protein lowering were consistent with reduced risk of mortality across these four cancer sites, consistent with the known pharmaceutical effect of PD-1 inhibition at these cancer sites. However, aside from colorectal and early-stage lung cancer, confidence intervals were also compatible with small increased risk of mortality. For genetically proxied PD-L1 plasma protein lowering, directions of effect across the positive controls were less consistent with expectations based on pharmaceutical inhibition compared to PD-1. However, as for PD-1 there was evidence to support effects of PD-L1 lowering on colorectal and early-stage lung cancer consistent with pharmaceutical PD-L1 inhibition when considering site-specific effects. Thus, these ‘crude’ positive control outcomes did not provide clear support regarding instrument validity when considering site-specific effects. When findings from all four sites with current PD-1 or PD-L1 inhibitor approvals were combined in a meta-analysis, we observed evidence to support effects of PD-1, but not PD-L1, protein lowering on risk of mortality in directions of effect consistent with pharmaceutical inhibition. This may suggest that low statistical power impacted all analyses, but that instrument validity was an issue particularly for PD-L1 as this protein is expressed on tumour cells whilst instruments were constructed based on plasma protein levels. 

These positive controls were highly limited and only considered to be ‘crude’ (or approximate) as population characteristic criteria used to define cancer survival GWAS inclusion were less restrictive than PD-1 and PD-L1 inhibitor indications. For example, the colorectal cancer survival GWAS recruited colorectal cancer patients of European ancestry [36], whereas current PD-1 inhibitor colorectal cancer approvals are for more specific patient groups restricted to dMMR/MSI-H status [18-20]. dMMR/MSI-H tumours are ‘hot’ tumours as these DNA repair defects contribute to increased tumour immunogenicity and so improved response to immune checkpoint inhibitors [37]. Therefore, particularly for approvals based on markers of ‘hot’ tumours (e.g. tumour PD-L1, dMMR/MSI-H [37, 38]), inclusion of patients with both ‘cold’ and ‘hot’ tumours could attenuate findings to the null. Thus, alongside violations of MR assumptions, lack of effects observed for positive control outcomes may also be explained by the crudeness of analyses (i.e. if participants in the cancer survival GWAS differ from populations these medications are approved to treat with respect to characteristics which influence medication efficacy, findings could be attenuated to the null).

In addition to violations of the relevance assumption, potential violations of the exclusion restriction MR assumption may also explain our findings, for example introducing associations between our instruments and survival to bias associations towards the null [39]. As previously described, the PheWAS performed to assess potential pleiotropy identified that the lead PD-1 instrument was associated with blood PDCD1 (PD-1 encoding gene) expression. Additionally, the lead PD-1 and PD-L1 instruments were associated with outcomes consistent with immune-related adverse events of these inhibitors: eosinophilia [40] and neutropenia [41, 42] for the lead PD-1 instrument, ulcerative colitis and inflammatory bowel disease [43] for the lead PD-L1 instrument. These associations are proposed to reflect vertical (i.e. on pathways between genetic instruments and cancer survival [44, 45]) rather than horizontal pleiotropy. However, the PheWAS also highlighted associations with potential to introduce horizontal pleiotropy. For example, the lead PD-1 instrument was associated with expression of several long intergenic non-coding RNAs with unclear downstream effects, in addition to blood expression of the tumour suppressor gene ING5 [46]. Similarly, the lead PD-L1 instrument was associated with blood PLGRKT expression which may have roles in carcinogenesis through plasminogen activation [47], although it cannot be ruled out that all these factors are on the same causal pathway. 

We did not observe strong evidence to support colocalisation of protein and cancer genetic associations at the PD-1 or PD-L1 protein encoding genomic regions, which may also support violation of the exclusion restriction MR assumption. The probability of variants in this region being causal for protein levels but not cancer survival (i.e. H1) was greater than the probability of non-shared variants in this region being causal for both protein levels and cancer survival (i.e. H3). This could indicate that these genomic regions do not have effects on cancer survival or may suggest that due to low statistical power of the cancer survival outcome GWAS, colocalisation analyses were underpowered to detect evidence for H3. Thus, we were unable to robustly assess whether effects with MR evidence have high probability of shared causal variants for respective protein level and cancer survival associations and whether there is evidence to support violation of the exclusion restriction assumption. 

Therefore, in conclusion, we have observed potential violations of both the instrument relevance and exclusion restriction MR assumptions which may have negatively impacted validity of our constructed PD-1 and PD-L1 instruments. We propose that there is greater evidence to support validity of our PD-1 instruments compared to our PD-L1 instruments and that this is expected to be explained by the choice of tissue used in instrument construction (i.e. plasma protein levels are likely more closely related to T cell protein levels which are relevant for PD-1, than tumour protein levels which are relevant for PD-L1 levels).
Supplementary Note 2
Drug-target MR studies investigating cancer survival outcomes may be affected by lack of statistical power due to the small sample sizes of most previous cancer survival GWAS and potential lower heritability of progression phenotypes compared to incidence phenotypes for the same disease [48, 49]. This low heritability has been attributed potentially to smaller sizes of genetic effects on progression compared to incidence and heterogeneity in patient populations, for example with respect to treatment following diagnosis [49] or clinical features at time of diagnosis which may affect survival durations. Although there is evidence to suggest a role for germline genetic effects on cancer survival [50-53], large-scale survival GWAS have thus far failed to identify many, if any, variants associated with mortality at the cancer sites included in this study [48, 52-61]. This suggests that, although cancer survival is at least partly heritable, analyses are likely underpowered. Our power calculations suggest that this study was likely impacted by low statistical power as the HRs detectable with 80% power ranged from 0.60 to 0.86 which are larger than the HRs we observed in MR analyses for each respective site. 

Although sub-group data were available for three included cancer sites, lack of availability of more comprehensive sub-group data particularly regarding treatment history and tumour stage across all sites has limited our analyses. We observed stronger effects of PD-1 or PD-L1 lowering on early- compared to late-stage lung cancer patients. This was an expected finding [4] as heritability may be attenuated when not accounting for factors such as tumour stage which impact survival, resulting in lower statistical power. Power may have been further reduced in our ‘crude’ positive control analyses as some patients included in these analyses may have been treated with immune checkpoint inhibitors which could have attenuated PD-1 germline effects towards the null. Collider bias may have also attenuated findings towards the null, further reducing power [39] but the risk of this was low as there was very little evidence to support effects of PD-1 or PD-L1 instruments on cancer incidence for the included anatomical sites. Therefore, lack of statistical power is expected to have impacted our analyses and may explain null findings.
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STROBE-MR checklist of recommended items to address in reports of Mendelian randomization studies1 2 

	Item No.
	Section
	Checklist item 
	Page No.
	Relevant text from manuscript

	1
	TITLE and ABSTRACT
	Indicate Mendelian randomization (MR) as the study’s design in the title and/or the abstract if that is a main purpose of the study
	1
	“using Mendelian randomisation”

	
	INTRODUCTION
	
	
	

	2
	Background
	Explain the scientific background and rationale for the reported study. What is the exposure? Is a potential causal relationship between exposure and outcome plausible? Justify why MR is a helpful method to address the study question
	3
	“One possible source of repurposing opportunities for cancer treatment are approved medications that target cancer hallmarks [5], the features of cancer cells which are common across anatomical sites [6]…”

	3
	Objectives
	State specific objectives clearly, including pre-specified causal hypotheses (if any). State that MR is a method that, under specific assumptions, intends to estimate causal effects
	3-4
	“We therefore investigated the repurposing potential of PD-1 or PD-L1 inhibitors in cancer treatment. … We also comprehensively evaluated the sensitivity of results to violations of MR assumptions.”
“MR uses germline genetic variants as instruments (“proxies”) to evaluate causal relationships between exposures and disease outcomes [3]”

	
	METHODS
	
	
	

	4
	Study design and data sources
	Present key elements of the study design early in the article. Consider including a table listing sources of data for all phases of the study. For each data source contributing to the analysis, describe the following: 
	18-19
	Table 1

	
	a)
	Setting: Describe the study design and the underlying population, if possible. Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data collection, when available.
	NA
	NA – described in papers the relevant data were obtained from

	
	b)
	Participants: Give the eligibility criteria, and the sources and methods of selection of participants. Report the sample size, and whether any power or sample size calculations were carried out prior to the main analysis 
	
	Table 1
Power calculations reported in Methods: Power estimates and Results: Power estimates sections

	
	c)
	Describe measurement, quality control and selection of genetic variants
	14
	Methods: Instrument construction section

	
	d)
	For each exposure, outcome, and other relevant variables, describe methods of assessment and diagnostic criteria for diseases
	18-19
	Table 1

	
	e)
	Provide details of ethics committee approval and participant informed consent, if relevant
	NA
	NA – described in papers the relevant data were obtained from

	5
	Assumptions

	Explicitly state the three core IV assumptions for the main analysis (relevance, independence and exclusion restriction) as well assumptions for any additional or sensitivity analysis
	13
	“The three core MR assumptions are known as: relevance (i.e. the instruments should be associated with the exposure of interest), exchangeability (i.e. there should be no confounders of the instrument-outcome relationship) and exclusion restriction (i.e. the instruments should only influence the outcome of interest via the exposure of interest) [64].”

	6
	Statistical methods: main analysis
	Describe statistical methods and statistics used
	
	

	
	a)
	Describe how quantitative variables were handled in the analyses (i.e., scale, units, model)
	18-19
	Table 1

	
	b)
	Describe how genetic variants were handled in the analyses and, if applicable, how their weights were selected
	NA
	NA

	
	c)
	Describe the MR estimator (e.g. two-stage least squares, Wald ratio) and related statistics. Detail the included covariates and, in case of two-sample MR, whether the same covariate set was used for adjustment in the two samples
	16



18-19
	MR estimator: “The MendelianRandomization R package was then used to perform the random-effects inverse-variance weighted (IVW) method [65, 66], accounting for LD between variants within each instrument set using the generated LD matrices.”
Covariate adjustment information: Table 1

	
	d)
	Explain how missing data were addressed
	NA
	NA

	
	e)
	If applicable, indicate how multiple testing was addressed
	NA
	NA - multiple testing was not addressed

	7
	Assessment of assumptions
	Describe any methods or prior knowledge used to assess the assumptions or justify their validity	
	20-23
	Methods: Sensitivity analyses sections

	8
	Sensitivity analyses and additional analyses
	Describe any sensitivity analyses or additional analyses performed (e.g. comparison of effect estimates from different approaches, independent replication, bias analytic techniques, validation of instruments, simulations)
	20-23
	Methods: Sensitivity analyses sections

	9
	Software and pre-registration
	
	
	

	
	a)
	Name statistical software and package(s), including version and settings used 
	23
	“Analyses were performed using PLINKv1.9, PLINKv2.0 [76, 77, 96] and Rv4.3.3 with the reported R packages. This work was carried out using the computational facilities of the Advanced Computing Research Centre, University of Bristol (http://www.bristol.ac.uk/acrc/) or the UK Biobank Research Analysis Platform.”
R packages used in analyses described in relevant sections of Methods.

	
	b)
	State whether the study protocol and details were pre-registered (as well as when and where)
	23
	“The planned methods for these analyses were previously described in the following protocol: [45].”

	
	RESULTS
	
	
	

	10
	Descriptive data
	
	
	

	
	a)
	Report the numbers of individuals at each stage of included studies and reasons for exclusion. Consider use of a flow diagram
	NA
	NA

	
	b)
	Report summary statistics for phenotypic exposure(s), outcome(s), and other relevant variables (e.g. means, SDs, proportions)
	NA
	NA 

	
	c)
	If the data sources include meta-analyses of previous studies, provide the assessments of heterogeneity across these studies
	NA
	NA – available from papers reporting original datasets

	
	d)
	For two-sample MR:
   i.  Provide justification of the similarity of the genetic variant-exposure associations between the exposure and outcome samples
   ii.  Provide information on the number of individuals who overlap between the exposure and outcome studies
	


14
	   i. Supplementary Results: Investigating the association of genetic instruments with plasma protein levels in individuals with cancer diagnoses section
   ii. “There is some potential overlap in participants between the protein expression GWAS and melanoma survival GWAS as both datasets included participants from the UK Biobank (Table 1). However, the extent of this overlap is not expected to be large as ~315 UK Biobank participants were identified as having both a melanoma diagnosis (based on International Classification of Diseases (ICD)-9 and ICD-10 codes) and PD-1 or PD-L1 plasma protein levels measured, while the melanoma survival GWAS included 5,220 UK Biobank participants diagnosed with melanoma [73].”

	11
	Main results
	
	
	

	
	a)
	Report the associations between genetic variant and exposure, and between genetic variant and outcome, preferably on an interpretable scale
	NA
	NA – available from original datasets

	
	b)
	Report MR estimates of the relationship between exposure and outcome, and the measures of uncertainty from the MR analysis, on an interpretable scale, such as odds ratio or relative risk per SD difference
	6
	Figure 1

	
	c)
	If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period
	NA
	NA – did not report relative risk estimates

	
	d)
	Consider plots to visualize results (e.g. forest plot, scatterplot of associations between genetic variants and outcome versus between genetic variants and exposure)
	
	Supplementary Figures 1-6

	12
	Assessment of assumptions
	
	
	

	
	a)
	Report the assessment of the validity of the assumptions
	9
	Results: Sensitivity analyses section

	
	b)
	Report any additional statistics (e.g., assessments of heterogeneity across genetic variants, such as I2, Q statistic or E-value)
	NA
	NA – did not report Q statistics as genetic variants included in instrument sets were not LD-independent 

	13
	Sensitivity analyses and additional analyses
	
	
	

	
	a)
	Report any sensitivity analyses to assess the robustness of the main results to violations of the assumptions
	9
	Results: Sensitivity analyses section

	
	b)
	Report results from other sensitivity analyses or additional analyses
	9
	Results: Sensitivity analyses section

	
	c)
	Report any assessment of direction of causal relationship (e.g., bidirectional MR)
	NA
	NA

	
	d)
	When relevant, report and compare with estimates from non-MR analyses
	10-11
	Discussion section: compared our MR results with those from meta-analyses or RCTs

	
	e)
	Consider additional plots to visualize results (e.g., leave-one-out analyses)
	
	Supplementary Figures 13-14

	
	DISCUSSION
	
	
	

	14
	Key results 
	Summarize key results with reference to study objectives
	10
	“We observed some evidence to support a survival benefit of the genetically proxied effects of PD-1 inhibition for cancers at three anatomical sites (ovary, colorectum, early-stage lung), including one site without current PD-1 inhibitor approvals (ovary)…”

	15
	Limitations
	Discuss limitations of the study, taking into account the validity of the IV assumptions, other sources of potential bias, and imprecision. Discuss both direction and magnitude of any potential bias and any efforts to address them 
	
	Supplementary Notes 1 and 2

	16
	Interpretation
	
	
	

	
	a)
	Meaning: Give a cautious overall interpretation of results in the context of their limitations and in comparison with other studies
	13
	“In conclusion, there was some evidence to support the repurposing potential of PD-1 inhibitors for ovarian cancer treatment (a potential novel indication), early-stage lung cancers and all colorectal cancers, not just dMMR/MSI-H metastatic or unresectable tumours. These findings have limited supporting evidence from current RCTs…”

	
	b)
	Mechanism: Discuss underlying biological mechanisms that could drive a potential causal relationship between the investigated exposure and the outcome, and whether the gene-environment equivalence assumption is reasonable. Use causal language carefully, clarifying that IV estimates may provide causal effects only under certain assumptions 
	3
	“Binding of the immune checkpoint proteins programmed cell death protein 1 (PD-1) and its ligand programmed death ligand-1 (PD-L1) triggers a signalling cascade which results in inhibition of T cell activation through dephosphorylation of T cell antigen receptors [7, 8]...”

	
	c)
	Clinical relevance: Discuss whether the results have clinical or public policy relevance, and to what extent they inform effect sizes of possible interventions
	13
	“In conclusion, there was some evidence to support the repurposing potential of PD-1 inhibitors for ovarian cancer treatment (a potential novel indication), early-stage lung cancers and all colorectal cancers, not just dMMR/MSI-H metastatic or unresectable tumours…”

	17
	Generalizability   
	Discuss the generalizability of the study results (a) to other populations, (b) across other exposure periods/timings, and (c) across other levels of exposure
	13
	(a) “only genetic data from populations of European ancestry have been used in analyses so the generalisability of our findings to populations of non-European ancestry warrants further investigation.”
(b) “When considering the clinical translation of these MR findings, the focus of interpretation should be on direction rather than magnitude of effect sizes due to differences between long-term decreased PD-1 or PD-L1 protein levels proxied in MR and short-term pharmaceutical PD-1 or PD-L1 inhibition achieved in RCTs [31]”
(c) “only the effects of PD-1 or PD-L1 protein lowering have been proxied using MR, whereas pharmaceutical inhibition of these proteins is achieved by different drugs for the same protein target which may have different properties such as binding affinity”

	
	OTHER INFORMATION
	
	
	

	18
	Funding
	Describe sources of funding and the role of funders in the present study and, if applicable, sources of funding for the databases and original study or studies on which the present study is based
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