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Pyroglutamation of cell surface proteins
CD47 and TRP1 by glutaminyl cyclase
modulates therapeutic antibody binding
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Monoclonal antibodies are important modalities in the treatment of cancer. Post-translational
modifications of proteins, such as glycosylation, can affect the binding affinity of therapeutic
antibodies.Whether other PTMsmodulate therapeutic antibodybinding todifferent surface proteins is
currently underexplored. Pyroglutamation is the post-translational cyclization of an N-terminal
glutamine or glutamic acid residue into a pyroglutamate by glutaminyl cyclase. In this study, we
investigated the impact of pyroglutamation on the binding affinity of three therapeutic antibodies
targeting CD47 and TRP1. Here, we show that pyroglutamation on CD47 and TRP1 modulates the
binding of anti(α)-CD47 magrolimab and αTRP1 TA99 and flanvotumab. Furthermore, the N-terminal
glutamine on CD47 is crucial for effective antibody recognition, while pyroglutamation of TRP1 is
involved in trafficking to the cell surface. These findings highlight that the pyroglutamation by
glutaminyl cyclase can modulate the binding affinity of antibodies with therapeutic potential.

Monoclonal antibodies play a pivotal role in the first- and second-line
treatment of various cancers, demonstrating significant efficacy in sub-
sets of patients1. Despite the approval of multiple monoclonal antibodies
as standard of care therapy, there remains an urgent need to identify
other therapeutic targets to improve outcomes across diverse patient
populations. Consequently, numerous antibodies have undergone clin-
ical evaluation, including anti-(α)CD47 magrolimab and α-tyrosinase-
related protein 1 (TRP1) targeting antibodies, such as clone TA99 and
flanvotumab.

CD47, a ubiquitously expressed protein that can be overexpressed on
themembranes of cancer cells, engages SIRPα onmyeloid cells to initiate an
inhibitory signaling cascade to suppress myeloid functions, such as pha-
gocytosis and trogoptosis2–6. Magrolimab, a CD47-blocking antibody, dis-
rupts this interaction, effectively alleviating this inhibitory immune
checkpoint. Clinical trials of magrolimab combined with rituximab
demonstrated promising response rates in patients with advanced lym-
phoma, as well as partial responses in ovarian and fallopian tube cancers7,8.
However, recent clinical evaluations of magrolimab were terminated due to
toxicities, including the ENHANCE studies (www.clinicaltrials.gov

identifier NCT05079230), highlighting the need to investigate the
mechanisms underlying the binding characteristics of magrolimab.

Beyond CD47, TRP1 has also emerged as a promising target for
antibody-based therapies. TRP1 is a melanoma-associated antigen highly
expressed on the surface of tumor cells in a subset of melanoma patients9.
While its exact role in melanoma remains unclear, therapeutic antibodies
such as αTRP1 clone TA99 and flanvotumab have been developed to target
this marker due to the cell-type selective expression of TRP1 on the cell
surface. Moreover, these antibodies have been tested as monotherapy or a
component of CAR-T cells or bispecific T cell engagers10–14. αTRP1 clone
TA99 was in a clinical phase 1 trial for metastatic melanoma in a T cell
engaging format12. Early-phase clinical trials demonstrated encouraging
responses, with one complete response and 37% of patients achieving stable
disease upon flanvotumab treatment13. Factors that influence the binding
affinity of these antibodies have been underexplored, including post-
translational modifications (PTMs) on their cell surface target protein.

PTMs are enzymaticmodifications that occur after protein translation
and can influence protein structure, function, localization, stability, and
receptor-ligand interactions15–18. For example, glycosylation, i.e. the addition
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of sugar moieties, can modulate therapeutic antibody affinity against
immune checkpoints PD-1 and PD-L115,17,19–23. Specifically, clinically
approved αPD-1 antibodies camrelizumab and cemiplimab recognize the
fucose of anN-glycan onPD-120,21. Antibodies in clinical development, such
as STM108, specifically target glycosylated PD-L115. These examples
underscore the therapeutic relevance of PTMs on target proteins in relation
to the affinity of therapeutic antibodies. Basedon these insights,we set out to
determine whether pyroglutamation, a PTM, can modulate the binding
affinity of other monoclonal antibodies.

Pyroglutamation is the enzymatic conversion of an N-terminal glu-
tamine or glutamic acid residue into a pyroglutamate (pGlu) by glutaminyl
cyclase enzymes QPCT and/or QPCTL. This PTM enhances protein sta-
bility and function24–31. For example, pyroglutamation can facilitate the
binding of CD47 to SIRPα, enhance the activity of chemokines such as
CCL2, influence the recognition of butyrophilins by yδ-T cells, andpromote
the pathogenicity of Aβ peptides involved inAlzheimer’s disease27–32. In this
study, we investigated the role of pyroglutamation on the binding affinity of
therapeutic antibodies, including magrolimab and TRP1-targeting anti-
bodies. Importantly, the targets of these antibodies, CD47 and TRP1, con-
tain a conserved N-terminal glutamine after the signal peptide that acts as
the substrate for glutaminyl cyclase. Our results reveal that glutaminyl
cyclase activity and the presence of an N-terminal glutamine that can be
modified into a pGlu can be critical for antibody binding. These findings
underscore the importance of analyzing pyroglutamation to guide the
development of optimized and differential therapeutics.

Results
Glutaminyl cyclase catalyzes the conversion of N-terminal glutamine or
glutamic acid into pGlu. Here, we set out to determine whether the pGlu
PTM plays a role in the recognition of antibodies which undergo clinical
development. To identify target proteins, we first conducted an in silico
prediction to identify proteins with an N-terminal glutamine or glutamic
acid, following signal peptide cleavage. The 904 identified candidates were
then cross-referenced with the Thera-SAbDab clinical antibody database to
find clinically relevant antibodies targeting proteins with an N-terminal
glutamine or glutamic acid (Sup. Data 1)33. We retrieved in total 37 protein
targets with N-terminal glutamine or glutamic acid and we selected two
protein targets with a conserved N-terminal glutamine for further analysis:
CD47 and TRP1.

CD47 pyroglutamation is a key PTM for magrolimab and SIRPα
binding
CD47 is a glycoprotein that contains a conserved N-terminal glutamine
following its signal peptide, serving as the recognition site for the glutaminyl
cyclase enzyme QPCTL (Sup. Fig. 1a)29–31,34. Pyroglutamation of CD47 by
glutaminyl cyclase is essential for engagement of CD47 with SIRPα29–31,34.
Given that SIRPα and magrolimab share a common binding site34, we
investigated whether glutaminyl cyclase activity modulates magrolimab
binding to CD47.

First, we analyzed the previously established crystal structure of CD47
in conjunction with (i) the αCD47 clone B6H12.2, an antibody that binds
CD47 independently of glutaminyl cyclase activity (pan-αCD47), (ii)
recombinant human SIRPα-Fc, which requires pGlu on CD47 to bind
(pGlu-specific), and (iii) magrolimab31,34. Whereas αCD47 clone B6H12.2
interacts with a region of CD47 distal from the pGlu-epitope, both SIRPα
and magrolimab face the N-terminal pGlu-epitope present in the binding
pocket of CD47, suggesting that pGlu formation may be involved in the
binding of magrolimab to CD47 similar as to SIRPα (Fig. 1a).

To validate these findings, we used three human cell lines with high
CD47 expression, including Burkitt’s lymphoma cell line Daudi, mela-
noma cell line A375 and haploid cell line Hap1. These were selected
based on the protein atlas and previous research35. QPCTL knockout
(KO) lines were used and validated by flow cytometry (Fig. 1b, Sup.
Fig. 1b for the gating strategy, and Sup. Fig. 1c). As expected, cells that
were deficient for QPCTL exhibited reduced pGlu-specific human

SIRPα-Fc and αCD47 clone CC2C6 staining intensities compared to
wildtype cells, while the overall cell surface levels of CD47 as measured by
pan-αCD47 clones B6H12 and 2D3 were not altered (Fig. 1b, Sup.
Fig. 1c)31. Magrolimab binding was reduced fourfold in the absence of
glutaminyl cyclase in Daudi cells based on the median fluorescent
intensity (MFI; Fig. 1b). In addition, CD47 KO cells were generated to
assess the specificity of magrolimab binding. CD47 deficient cells as
verified by lack of pan-αCD47 clone 2D3 binding were unable to interact
with magrolimab (Sup. Fig. 1d). These results indicate that QPCTL is
required for optimal magrolimab engagement to CD47.

Next, we performeda titration ofmagrolimabonwildtype andQPCTL
KO cell lines. Magrolimab attachment was reduced in the absence of
QPCTL compared to wildtype cells in all three cell lines tested (Fig. 2a). The
total levels of cell surface CD47measured by pan-αCD47 clone 2D3 did not
differ or were even slightly elevated in the QPCTL deficient cells (Fig. 2b),
underscoring that transport of CD47 to the cell surface was not reduced by
glutaminyl cyclase depletion.

Several small molecule inhibitors of glutaminyl cyclase have been
developed, including PQ912 and SEN177. Given the potential and the
current clinical assessment of glutaminyl cyclase inhibitors in patients with
cancer (CTR20240727), we sought to validate our findings from the genetic
KO cells using these glutaminyl cyclase inhibitors. All three cell lines were
treated for three days with glutaminyl cyclase inhibitors and analyzed by
flowcytometryuponantibody exposure. Similar towhatwasobserved in the
QPCTL KO cells, the pGlu-specific reagents SIRPα-Fc and αCD47 clone
CC2C6 exhibited diminished binding upon glutaminyl cyclase inhibition
without reducing the abundance of cell surfaceCD47asmeasuredwith pan-
αCD47 clone 2D3, validating the efficacy of the inhibitor (Sup. Fig. 2a).
Magrolimab binding was also strongly and significantly reduced when
glutaminyl cyclase activity was inhibited by PQ912 or SEN177 compared to
the DMSO control in all three cell lines (Fig. 2c).

To investigate the necessity of the N-terminal glutamine for magroli-
mab binding on a molecular level, a CD47 mutant lacking this residue was
transduced into Daudi cells deficient for CD47. Daudi cells expressing the
CD47 mutant failed to engage with magrolimab, despite the surface
expression of themutant as confirmedbypan-αCD47 cloneB6H12 staining
(Fig. 2d, Sup. Fig. 2b). These findings collectively suggest that both gluta-
minyl cyclase activity and the presence of the N-terminal glutamine are
crucial for magrolimab binding to CD47.

Thebindingaffinityofmagrolimab isdecreased in the absenceof
glutaminyl cyclase activity as analyzed through mathematical
modeling
To examine the differences in binding affinity of CD47 to magrolimab in
wildtype and QPCTL KO cell lines, we developed a method in which we
dynamically simulated the concentrations of antibody, ligand and
antibody-ligand complex utilizing a system of ordinary differential
equations (ODEs) while estimating KD in the process (see Methods In
silico KD estimation and Fig. 3a for explanation of the approach). In brief,
following estimation of the maximal MFI (MFImax) from the data based
on the highest nominal antibody concentrations (Fig. 3a, left panel),
combinations of KD and a factor that scales MFI values to concentrations
of ligand-antibody complex are iteratively tried out to find optimal fits by
simulating the associated equilibrium levels of the model variables
(Fig. 3a, middle panel), and quantifying the resulting fit to the data
(Fig. 3a, right panel). Application of this approach to artificial data closely
mimicking the behavior of our experimental data (Sup. Fig. 3a) but with
fixed known values for KD, SF and MFImax (Sup. Fig. 3b) showed that the
resulting estimates were robustly retrieved for a range of parameter
inputs (Sup. Fig. 3c-e). Next, we fitted our data of wildtype and QPCTL
KO cells in this model to calculate the KD values of magrolimab in both
cell lines. QPCTL KO cells have higher KD values compared to the
wildtype cells (A375: 152 vs 74; Daudi: 60 vs 14; Hap1: 376 vs 9), indi-
cative of a lower binding affinity of magrolimab to cells in the absence of
glutaminyl cyclase activity (Fig. 3b). Importantly, we fitted two models to
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the data: a ‘reduced model’ in which we fitted a joint KD value to both
wildtype and QPCTL KO titration binding curves within a cell line (Sup.
Fig. 3f), and a ‘full model’ in which we estimated separate KD values for
both curves (Fig. 3b). This analysis provided statistical evidence that the
KD values were indeed lower for wildtype than for KO cell lines (Akaike
information criterion (AIC) values full versus reduced model: 612.4 vs
627.3 (Daudi), 539.2 vs 584.9 (Hap1), 664.7 vs 677.2 (A375).Together
these results indicate that the binding affinity of magrolimab to CD47 is
decreased in the absence of pGlu.

TRP1 pyroglutamation is a key PTM for αTRP1 clone TA99 and
flanvotumab binding
TRP1 is a cell surface protein similar to CD47 in that it contains a conserved
N-terminal glutamine following its signal peptide and a target for clinically
explored antibody-based therapies (Sup. Fig. 4a). This led us to investigate
whether glutaminyl cyclase plays a role in the binding affinity of antibodies
αTRP1cloneTA99andflanvotumabwhichboth targetTRP1andhavebeen
undergoing clinical testing in different formats10–13. First, we used the pre-
viously establishedTRP1crystal structure, andhighlighted thepGlu-epitope

Fig. 1 | Magrolimab binding affinity is reduced in the absence of glutaminyl
cyclase, while the cell surface expression levels of CD47 remained unaltered.
a Crystal structures of αCD47 clone B6H12 (PDB: 5TZU), human SIRPα (PBD:
5IWL) ormagrolimab (PBD: 2JJS, all in blue) with CD47 (gray). Redmotif indicated
the pGlu-epitope. b Representative histograms of pan-αCD47 antibodies clone
B6H12 (1:50) followed by αmouse IgG APC (1:800), αCD47 clone 2D3 FITC (1:40),

pGlu-specific recombinant human SIRPα-Fc (1:25) followed by αhuman cloneM13
PE (1:100), αCD47 clone CC2C6 APC (1:10,000) and magrolimab (1:40,000) fol-
lowed by αhuman clone QA19 PE (1:100), unstained (light gray) or secondary only
(dark gray) staining on Daudi wildtype (blue) and QPCTL KO cells (red; n = 4).
Abbreviations: pGlu, pyroglutamate; US, unstained; Sec, secondary antibody only;
KO, knockout.
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(Fig. 4a). Since both antibodies are cross-reactive between humans and
mice10, we tested our hypothesis using murine B16F10 melanoma cells that
also express CD47 and require glutaminyl cyclase-modified CD47 in order
to bind to mouse SIRPα36. Titrations of αTRP1 clone TA99 on B16F10
wildtype and QPCTL KO cells showed that the maximal binding of αTRP1
clone TA99was strongly reduced uponQPCTL loss (Fig. 4b). Flanvotumab

binding was similarly affected in QPCTL deficient B16F10 cells (Fig. 4c).
These cells were verified using pGlu-specific recombinant mouse SIRPα-Fc
and pan-αmouse CD47 clone MIAP301 (Sup. Fig. 4b). To verify whether
αTRP1 clone TA99 and flanvotumab specifically recognized TRP1, the
TRP1-negative pancreatic cancer cell line KPC-3 was transduced with a
TRP1 plasmid, leading to its overexpression. KPC-3 cells that overexpress
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Fig. 2 | Glutaminyl cyclase is involved in the binding of magrolimab to cancer
cell lines. a Titration of magrolimab (1:1 dilution, commencing at 100 ng/mL)
followed by αhuman IgG cloneQA19 PE (1:100) onA375, Daudi andHap1wildtype
(blue) and QPCTLKO (red) cells. Data represents individual data point and the line
is the mean percentage of MFI of magrolimab staining relative to theMFI of 100 ng/
mL magrolimab on wildtype cells (n ≥ 3). b Titration of αCD47 clone 2D3 (1:1
dilution, commencing at 20 μg/mL) on A375, Daudi and Hap1 wildtype (blue) and
QPCTLKO (red) cells. Data represents individual data point and the line is themean
percentage of MFI of αCD47 clone 2D3 staining relative to the MFI of 20 μg/mL
αCD47 clone 2D3 on wildtype cells (n = 2). c Representative histograms of
magrolimab (1:40,000) followed by αhuman clone QA19 PE (1:100), unstained

(gray) or αhuman clone QA19 PE only (dark gray) staining on A375, Daudi and
Hap1 cells treated with 10 μMglutaminyl cyclase inhibitors PQ912 (red) or SEN177
(orange) or equal amounts ofDMSO (blue) for three days. Bar graphs show themean
MFI of magrolimab, + standard deviation error bar (n = 3). One-way Anova was
performed followed by the Dunnett’s multiple comparisons test. d Representative
histograms of magrolimab (1:40,000) followed by αhuman clone QA19 PE (1:100),
unstained (gray) or αhuman clone QA19 only (dark gray) staining on Daudi wild-
type (blue), CD47 KO (red) and CD47 KO cells transduced with the CD47 mutant
(purple; n = 3). Abbreviations: MFI, median fluorescent intensity; KO, knockout;
US, unstained; Sec, secondary antibody only; PQ, PQ912; SEN, SEN177.

Fig. 3 | Dynamic modeling approach reveals that QPCTL increases binding
affinity of CD47 to magrolimab. a Explanation of setup of model to determine KD

value. Linit is estimated through fitting MFImax and dividing this value by SF (left
panel). Initial values for A, L and C are used to predict their respective values at
equilibrium for a given set of k1 and k2 (middle panel). Predicted [C] at equilibrium
from (B) is multiplied by SF to obtain predicted MFI values that can be validated
against observed values of MFI from experimental data (right panel). After model

evaluation, KD and SF are re-estimated, and simulations are re-run until residual
deviance is minimal. b ODE model fit for titration binding curves of wildtype and
KO conditions across three CD47 expressing cell lines utilizing the full model in
which KD values are estimated separately with indicated KD values. Abbreviations:
MFI, median fluorescent intensity; A, antibody; L, ligand; C, Complex; KO,
knockout; ODE, ordinary differential equations; SF, scaling factor; RMSE; rootmean
squared error, WT, wildtype.
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Fig. 4 | Glutaminyl cyclase is involved in the binding of αTRP1 clone TA99 and
flanvotumab to melanoma cell lines. a Crystal structure of human TRP1 (PDB:
5M8L), with the red motif indicating the N-terminal pGlu. b Titration of αTRP1
clone TA99 (1:1 dilution, commencing at 40 μg/mL) followed by αmouse IgG APC
(1:800) on murine B16F10 wildtype (blue) and QPCTL KO (red) cells. Data
represents individual data point and the line is themean percentage ofMFI of αTRP1
clone TA99 staining relative to theMFI of 40 μg/mL αTRP1 clone TA99 onwildtype
cells (n = 3). c Flanvotumab (1:200) followed by αhuman clone QA19 (1:100) on
B16F10 wildtype (blue) and QPCTL KO (red) cells. Data represents the percentage
of MFI,+ standard deviation error, bar of flanvotumab staining relative to the MFI
flanvotumab on wildtype cells. One-way Anova was performed followed by the
Dunnett’s multiple comparisons test (n = 3). d Representative histograms of αTRP1
clone TA99 (1:100) followed by αmouse IgG APC (1:800) or flanvotumab (1:200)
followed by αhuman cloneQA19 PE (1:100), unstained (gray) or secondary controls
(dark gray) staining on B16F10 treated with 10 μM glutaminyl cyclase inhibitors

PQ912 (red) or SEN177 (orange) or equal amounts of DMSO (blue) for three days.
Bar graphs show the percentage of the MFI of αTRP1 clone TA99 or flanvotumab
staining,+ standard deviation error bar, relative to the MFI of DMSO control cells.
One-way Anova was performed followed by the Dunnett’s multiple comparisons
test (n = 3). e Representative histograms of αTRP1 clone TA99 (1:100) followed by
αmouse IgG APC (1:800), or flanvotumab (1:50) followed by αhuman clone QA19
PE (1:100), unstained (gray) or secondary controls (dark gray) staining on primary
immortalized human melanocytes treated with 10 μM glutaminyl cyclase inhibitors
PQ912 (red) or SEN177 (orange) or equal amounts of DMSO (blue) for three days.
Bar graphs show the percentage of theMFI of αTRP1 clone TA99 or flanvotumab,+
standard deviation error bar, relative to the MFI of DMSO control cells. One-way
Anova was performed followed by the Dunnett’s multiple comparisons test (n ≥ 3).
Abbreviations: MFI, median fluorescent intensity; KO, knockout; US, unstained;
Sec, secondary antibody only; PQ, PQ912; SEN, SEN177.
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TRP1were engaged by both αTRP1 clone TA99 and flanvotumab, while no
staining was observed on the wildtype cells (Sup. Fig. 4c). Pharmacological
inhibition of glutaminyl cyclase usingPQ912 or SEN177 resulted in a strong
and significant reduction of αTRP1 clone TA99 and flanvotumab attach-
ment compared to the B16F10 DMSO control group (Fig. 4d). Diminished
mouse SIRPα-Fc binding upon glutaminyl cyclase inhibition verified the
efficacy of the inhibitor (Sup. Fig. 4d).

To determine the effects on human cells, we used primary
immortalized melanocytes. First, we confirmed that untreated pri-
mary immortalized melanocytes express TRP1 on the surface as both
αTRP1 clone TA99 and flanvotumab were able to bind the cells
(Fig. 4e). Next, the cells were treated with the two glutaminyl cyclase
inhibitors separately. Similarly to murine melanoma cells, αTRP1
clone TA99 and flanvotumab binding were diminished in primary
immortalized melanocytes subjected to pharmacological inhibition of
glutaminyl cyclase activity compared to DMSO-treated melanocytes
(Fig. 4e, Sup. Fig. 4e). Additionally, SK-MEL-19, a human melanoma
cell line, exhibited a similar reduction of αTRP1 clone TA99 binding
in the absence of glutaminyl cyclase activity (Sup. Fig. 4f).

We then applied our in-silicomodeling to determineKD values related
to the binding of αTRP1 clone TA99 to TRP1 in wildtype and QPCTL KO
B16F10 cells. We found lower KD values for QPCTL KO cells compared to

their wildtype counterparts (11 vs 105), indicating that αTRP1 clone TA99
binding affinity to TRP1 is reduced upon pyroglutamation (Fig. 5a, Sup.
Fig. 3f right panel). Fitting the data to the full and reducedmodels, we found
that these KD values were statistically different between the groups (AIC
value full vs reducemodel: 1585.1 vs 1587). Thesefindingsmay be explained
by anoverall decreased transport ofTRP1to the cell surface in the absenceof
the pyroglutamation. To investigate this hypothesis, we designed a TRP1-
CAR-construct that contained anHIS tag as a proxy for the total levels of the
recombinant TRP1 on the cell surface as we did not obtain an antibody that
bound extracellular TRP1 independent of QPCTL activity37. In the absence
of glutaminyl cyclase, both αTRP1 clone TA99 and αHIS binding were
reduced, indicating that the total levels of TRP1 on the cell surface were
indeed diminished upon glutaminyl cyclase inhibition (Fig. 5b). In line with
these results, no extracellular binding ofαTRP1TA99was observed inHeLa
cells overexpressing a TRP1 Q >A mutant while two antibodies against
TRP1 were able to bind to the alanine mutant intracellularly (Sup. Fig. 4g).
Thus, it appears that glutaminyl cyclase activity facilitates the trafficking of
TRP1 to the cell surface and subsequent engagement with TRP1-binding
antibodies.

To assess whether loss of TRP1 antibody binding has functional con-
sequences for immunecell activation,we co-incubatedB16F10wildtype and
QPCTLKO cells withmouse CD8+T cells and subsequently stained these

Fig. 5 | Glutaminyl cyclase is involved in the trafficking of TRP1 to the cell surface
which affects TRP-CD3-bispecific T cell therapy. a KD calculation of TRP1 TA99
onB16F10wildtype andQPCTLKOcells. ODEmodelfit for titration binding curves
ofWT andQPCTLKO conditions for the B16F10 cell line utilizing the full model in
which KD values are estimated separately. bMFI of αTRP1 clone TA99 (1:50)
followed by αmouse IgGAPC (1:100) or αHIS PE (1:50) on grazoprevir treatedHeLa
cells expressing CAR-TRP1 in the presence or absence of 4 day treatment of 30 µM
SEN177. Data represents the MFI, + standard deviation error bar. Unpaired T test

was performed to assess the two groups (n = 3). c Percentage of CD8+ T-cells
positive for the indicated markers that have been cocultured with B16F10 wildtype
or QPCTL KO cells in the presence of 1, 0.1 or 0.01 ug/mL TRP1 TA99-CD3-
bispecific antibody for 48 hours. Data represents the percentage, + standard
deviation error bar. One-way Anova was performed to assess the groups (n = 3).
Abbreviations:MFI,median fluorescent intensity;WT,wildtype; KO, knockout; PQ,
PQ912; SEN, SEN177.
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cells for various T cell activation markers. The percentages of granzyme B,
CD25 and 4-1BB in CD8 positive cells were all significantly lower in the
T cells cocultured with the QPCTL KO cells compared to wildtype cells,
indicative of less CD8+T cell activation (Fig. 5c). To conclude, the absence
of pGlu on TRP1 can lower the activation status of CD8+T cells in the
presence of a TRP1-bispecific T cell engager.

Glutaminyl cyclase is differentially regulated across and within
tumor types
We next examined RNA expression of glutaminyl cyclase across patients
and cancer types. Variation in enzyme expression could influence the
amount of pyroglutamation and therefore may significantly impact the
efficacy of antibody-based therapies. As has already been observed for
glycosylation, differences in the expression of enzymes involved in the
glycosylation pathway on PD-1/PD-L1 directly affect the binding affinity of
specific therapeutic antibodies15,17,19–23. We compared the expression of
QPCTL across 30 different cancer types (Fig. 6) using data obtained from
TheCancerGenomeAtlas (TCGA).QPCTL is expressed in all tumor types,
albeit at varying levels. High expression of QPCTL occurs in cutaneous skin
melanoma, whereas QPCTL is lowly expressed in a number of tumor types,
including glioma and leukemia tumors. In addition, for some tumor types
there is a large inter-patient variability of QPCTL RNA expression levels.
These results suggest thatQPCTL is differentially expressedbetweenhuman
cancer types and also variable across patients within the same cancer type.
This variability could significantly influence the level of theN-terminal pGlu
PTM, both across different cancer types and on an individual, personalized
level, which will be explored in future work.

Discussion
PTMs have been described to influence protein structure and function, and
glycosylation has been demonstrated to affect the interactions between
clinically tested antibodies and their modified cell surface proteins, such as
PD-1 and PD-L115,17,19–23. In contrast, the effect of pyroglutamation, the
cyclization of glutamine or glutamic acid into pGlu by the enzyme family
glutaminyl cyclase, has been underexplored, despite pyroglutamation
impacting the structure, activity, and stability of membrane and secreted
proteins, as well as their protein engagement27–31. Here, we assessedwhether
pyroglutamation influenced clinically evaluated αCD47 magrolimab bind-
ing to CD47 and αTRP1 clone TA99 and flanvotumab binding to TRP1, as
both target proteins contain an N-terminal glutamine that act as the
recognition site for glutaminyl cyclase.

Our findings reveal that the PTM pyroglutamation on the antigen has
the potency to significantly impact antibody binding affinity with con-
sequences for antibody effector functions as shown with a bispecific T cell
engager. We demonstrated the dependence of magrolimab on glutaminyl
cyclase activity using genetic and pharmacological inhibition assays. Con-
sistent with prior reports, reduced magrolimab engagement was observed
following treatment with glutaminyl cyclase inhibitors38. Since the pGlu
epitope on CD47 is located in the binding pocket for SIRPα, its absence can
affect blocking antibody binding affinity. It is currently unknown whether
the modification is part of the recognized epitope or a conformational
change of the protein diminishes antibody binding. Future studies should
evaluate if otherCD47-targeting compounds alsodependon this PTM, such
as ligufalimab and evorpacept39.

We extended these findings to TRP1, for which the binding affinity
with αTRP1 clone TA99 as estimated through fitting our mathematical
model to the flow cytometry data was actually stronger in the absence of
glutaminyl cyclase activity than in its presence, i.e., the effect of pyr-
oglutamation on the binding affinity was opposite to the CD47-
magrolimab interaction. Our finding that binding to the αTRP1 anti-
bodies was nevertheless almost absent without glutaminyl cyclase activity
can likely be explained by lower levels of TRP1 on the cell surface. These
dependencies on pyroglutamation highlights potential vulnerabilities of
TRP1-targeting therapies to variable glutaminyl cyclase expression, such
as clinically assessed flanvotumab-based CAR-T cells and the αTRP1
clone TA99-based bispecific T cell engager (NCT04551352)11,12. In
addition, αTRP1 clone TA99 is often used as a melanoma-opsonizing
antibody in combination with CD47 blockade40–42. Considering that
glutaminyl cyclase inhibitors are currently being investigated in an early
phase clinical trial in cancer (CTR20240727)40–42, caution should be
warranted to combine glutaminyl cyclase inhibitors with TRP1-
opsonizing antibodies, as the decreased binding of the latter may ham-
per the efficacy of the combination treatment.

Recently, we have identified a functional role in themosquito immune
response for the protease-cleaved and pyroglutamated form of the cir-
cumsporozoite Protein (CSP) in P. falciparum, the parasite responsible for
malaria43. Importantly, pGlu-specific antibodies targeting pyroglutamated
CSP have been isolated from malaria-infected individuals that exhibit
neutralizing capabilities at the liver stage in a human liver-chimeric mouse
model. These findings highlight the clinical potential of pGlu-specific
antibodies44. In addition, Donanemab is an FDA-approved antibody ther-
apy that selectively binds to pGlu-modified Aβ peptides in patients with

Fig. 6 | Glutaminyl cyclase RNA levels are differ-
entially expressed between normal and tumor cells
across cancer types. RNA-seq data (RSEM quanti-
fied, batch normalized) was obtained from TCGA
for 30 tumor types for QPCTL.
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Alzheimer’s disease32, and αCD3ε-engaging antibody hE10 also recognized
the pyroglutamate on CD3ε45. These findings underscore the clinical rele-
vance of this type of PTM in antibody-based therapies.Whether therapeutic
antibodies against other N-terminal glutamine or glutamic acid containing
peptides or proteins are modulated by glutaminyl cyclase remains
undetermined.

This study provides valuable insights but has limitations. First of all,
spontaneous conversion of glutamine can occur in vitro and is affected by
factors such as pH, temperature and certain buffer components46–48.We did
not, however, detect an increase in SIRPα binding in the QPCTL KO cells
over time nor did others find detectable levels of spontaneous pGlu for-
mation on CD4731. Given that spontaneous formation of pyroglutamate
from glutamine takes multiple days under physiological conditions46, it is
unlikely that our glutaminyl inhibition data are significantly confounded by
spontaneous levels of pyroglutamation.Whether pyroglutamation of CD47
and TRP1 in humans in vivo is fully dependent on glutaminyl cyclase
activity remains undetermined and should be further explored in the con-
text of therapeutic antibody binding.

Second, the detection of an N-terminal pGlu is challenging as spon-
taneous modifications can occur during sample preparation for mass
spectrometry analysis, which complicates identification of enzymatic-
induced pGlu modification46. While prior research demonstrated the pGlu
modification using one-dimensional isoelectric focusing31, this study used
an indirect approach via recombinant SIRPα binding.

Variability inQPCTL expression across different cancer types suggests
differential impact on antibody therapy. For example, QPCTL is highly
expressed in melanoma but lowly expressed in glioma and leukemia.
Additionally, we observed inter-patient variability. Future research is war-
ranted to investigate the role of glutaminyl cyclase activity and the
pyroglutamation-status on therapeutic antibody efficacy, whichmay lead to
improved therapeutic design and potentially patient selection for antibody-
based therapy.

In conclusion, our study highlights the crucial role of pyroglutamation
in modulating antibody binding to CD47 and TRP1, underlining the
importance of assessing PTMs on target proteins for antibody therapy.
Future research should investigate whether glutaminyl cyclase expression
predicts antibody efficacy, paving the way for improved and differentiated
PTM antibody therapies.

Materials and Methods
Cell culture
Human melanoma cell line A375, cervical cancer cell line HeLa, human
embryonic kidney cell line HEK293T (#CRL-3216, ATCC) were main-
tained in DMEM, Burkitt’s lymphoma cell line Daudi and haploid cell line
Hap1 in IMDM (#12440-053, Gibco) and melanoma line SK-MEL-19 in
RPMI (#22409-015, Gibco). Murine melanoma cell line B16F10 and pan-
creatic ductal adenocarcinoma cell line KPC-3 were cultured in DMEM
(#10938-025, Gibco). All media was supplemented with 8% FCS and 1x
Penicillin-Streptomycin-L-Glutamine mix (#10378016, Gibco). Primary
hTERT immortalized melanocytes were cultured in D254 medium
(#M254500, ThermoFisher Scientific) supplemented with HMGSII
(#S0165, ThermoFisher Scientific) and Penicillin-Streptomycin. Cells were
regularly checked for the absence ofmycoplasma infection.HeLawas kindly
gifted by the department of Cell and Chemical Biology, LUMC, Daudi,
B16F10 and SK-MEL-19 from the department of Medical Oncology,
LUMC, A375 and Hap1 from rof. Dr. T.R. brummelkamp and Prof T.N.
Schumacher, Netherland Cancer Institute31, and the immortalized mela-
nocytes from the group of Remco vanDoorn, Department of Dermatology,
LUMC. For glutaminyl cyclase inhibitions, cells were seeded in a 6-wells
plate and treated with 10 μM PQ912 (#T22403, TargetMol) or SEN177
(#SML1615, Sigma) or equal amounts of DMSO for three days, which was
supplemented to the medium daily. For the secreting TRP-expressing cells,
cells were seeded in a T25 flask and cultured for 4 days with 30 µM SEN177
or DMSO in the presence or absence of 6 µM grazoprevir which were both
supplemented daily.

CRISPR/Cas9
A375QPCTLKO cells andHap1CD47 andQPCTLKOwere generated by
Logtenberg et al. as previously described31. KPC-3 wildtype and TRP1
overexpressing cells were kindly gifted by Thorbald Hall’s group49.sgRNA
targeting human CD47 (CAGCAACAGCGCCGCTACCA), human
QPCTL (CCGGGGTTCGCACAACCAGC), mouse QPCTL
(CGGCAGCGGCTCGAGGATCG) were cloned into PX459 V2 vector
(#62988, Addgene). For adherent cell line B16F10, cells were seeded and the
next day transfected with 5 μL lipofectamine (#11668027, ThermoFisher
Scientific). 2 μg/mLpuromycin (#ant-pr-1, Invivogen)wasused to select the
transfected cells, which was removed after two days. Serial dilutions at 0.3
cells/well in a 96wells-plate were conducted to generate clonal KO cell lines,
which were verified by flow cytometry. For suspension cell line Daudi,
transfection was obtained through electroporation using the Nucleofector
TM I/II/2b Kit (#VCA-1003, Lonza). After one day of recovery, transfected
cells were selected with 1 μg/mL puromycin for Daudi cells. After multiple
rounds of sorting to obtain a high purity population of KO cells using
αCD47 clone CC2C6 (1:10,000, #323124, Biolegend) on the SRT ML-I, -II
CytoFLEX SRT Benchtop cell sorter (Beckman Coulter, Brea, CA, USA),
bulk KO cells were validated and used for future experiments.

For lentiviral production, HEK293T cells were seeded and transfected
with CD47-mutant31, TRP1-CAR-construct (Addgene #242866), TRP1-
overexpressing wildtype (Addgene #242867) or Q >A mutant (Addgene
##242868) and packaging plasmids pCMV-VSV-G (#8454, Addgene),
pMDLg/pRRE (#12251, Addgene) and pRSV-Rev (#12253, Addgene) or
together with 1 μg packaging plasmids Pax2 (#12260, Addgene) and 1 μg
Pmd2 (#12259, Addgene, both gifted from Dr. D. Trono). The next day,
medium was replenished. Medium was collected, spun down for 5minutes
at 2000 rpm and supernatant was collected for two consecutive days and
meanwhile replenished. Target cells were transduced with this medium
through 90minutes centrifugation at 2000 rpm or direct supplementation
to themediumand thenext day selectedwith 1 μg/mLpuromycin forDaudi
cells or 2 μg/mL puromycin for HeLa cells for at least one week.

Flow cytometry
100,000 cells were stained for 30minutes with αhuman CD47 clone B6H12
(1:50, #SC12730, Santa Cruz), αhuman CD47 clone 2D3 FITC (1:40, #11-
0478-42, Invitrogen), αhuman CD47 clone CC2C6 APC (1:10,000,
#323124, Biolegend), human SIRPA-Fc (1:25 or 1:50 of 0.1 μg/mL in PBS,
#4546-SA, R&D), magrolimab (concentrations as indicated, #A2036, Sell-
eckChem), αTRP1 clone TA99 (concentrations as indicated, #SC-58438,
Santa Cruz), flanvotumab (concentrations as indicated, #MA5-41956,
ThermoFisher), mouse SIRPα-FC (1:200 of 0.2 μg/mL in PBS, #7154-SA,
R&D), αmouseCD47 cloneMIAP301APC (1:40, #17-0471-82, Invitrogen)
or αHIS PE (1:50, clone J095G46, #362602, Biolegend) in a total volume of
50 μL facs buffer (1% FCS in PBS) on ice shielded from light. After two
rounds of washing with excess facs buffer, cells were incubated with 50 μL
facs buffer supplemented with goat-αmouse clone Poly4053 APC (1:800,
#405308, Biolegend), rat-αhuman clone M1310G05 PE (M13, 1:100,
#410708, Biolegend), ormouse-αhuman cloneQA19A42 PE (QA19, 1:100,
#366904, Biolegend) as further elaborated in the figure legends.

For intracellular staining, cells were fixed in 4% paraformaldehyde
(#P6148, Sigma) and permeabilized in facs buffer supplemented with 0.1%
saponin (#S7900, Sigma). Cells were incubated with polyclonal αTRP1
(1:100, #EPR13063, Abcam) or αTRP1 clone TA99 (1:100, #SC-58438,
Santa Cruz), diluted in 50 μL facs buffer supplemented with saponin for
30minutes on ice shielded from light. After two rounds of washing with
excess facs buffer supplemented with saponin, cells were incubated with
50 μL facs/saponin buffer supplemented with goat-αrabbit clone Poly4064
PE (1:100, #405308,Biolegend) for polyclonal-αTRP1or goat-αmouse clone
Poly4053APC (1:800, #405308, Biolegend) for αTRP1TA99 for 30minutes
on ice shielded from light. Cells were analyzed after two rounds of extensive
washing. Flow experiments were conducted on an LSR-II (BDFACS LSR-II
4 L Full, BD Biosciences, San Jose, CA, USA), a BD FACS LSRFortessa 4 L
(BD Biosciences, San Jose, CA, USA) or a Sony ID7000 Spectral Cell
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Analyzer (Sony Biotechnology Inc., San Jose, CA, USA) at the Flow cyto-
metry Core Facility of the LUMC.Data was analyzed using FlowJo (V10.8).

Mice and coculture experiments
Two six to eight week old male C57BL/6 J mice were purchased from
Charles River, The Netherlands, and housed at pathogen-free conditions in
the animal facility of the LUMC. After one week of acclimatization, mice
were euthanized and spleens and lymph nodes were collected. This study
was approved by the Dutch animal ethics committee and the local Animal
Welfare Body of the LUMCon permit numberAVD11600202417735. This
experiment was performed in accordance with the Dutch Act on Animal
Experimentation.We have compliedwith all relevant ethical regulations for
animal use. Next, 30,000 irradiated (6000 Rad) B16F10 wildtype and
QPCTL KO cells were plated in a 96 wells plate, and cocultured with CD8
cells isolatedand enriched fromspleens and lymphnodes ofC57B1/6 Jmice
in the presence of IL-7 (10 ng/mL) and various dilutions of CD3-TRP
TA99-bispecific antibody (starting from 1 µg/mL, 1:10 dilutions, Absolute
Antibody, #bAb0136,Mouse IgG2a mCD3e KIH bispecific, Fc SilentTM,
Kappa). After a coculture of 48 hours, the cells in suspension were collected
and stained for granzyme-B Percp Cy5.5 (1:100, #372212, Biolegend), CD8
PE (1:800, #100708, Biolegend), CD25 BV421 (1:200, #102034, Biolegend)
and CD137 APC (1:100, #106110, Biolegend) according to the flow cyto-
metry protocols mentioned above.

In silico prediction and antibody selection
All human protein entries with the status “UniProtKB reviewed (Swiss-
Prot)” were downloaded from UniProt (20,421 entries) in January 2025, in
addition to annotations for initiator methionine’s and signal peptides. Only
experimentally observed initiator methionine’s were included in this ana-
lysis. For signal peptide annotation, both experimentally validated and
predicted signal peptideswere included. Predicted signal peptideswere only
included if detected by 2 out of 4 prediction methods; Phobius, Predotar,
SignalP and TargetP. Initiator methionine’s and signal peptides with
trimmed from the amino acid sequences, and proteins starting with either a
glutamine (563 entries) or glutamic acid (341 entries) amino acid were
selected. These predicted genes were cross-referenced to the Thera-SAbDab
database to discover clinically relevant antibodies against glutamine or
glutamic-acid bearing proteins33.

In silico KD estimation
Previous modeling studies have attempted a similar approach in which a
titration binding curve is fitted using aMichaelis-Menten-like formula after
which KD was estimated as the EC50 of the fitted curve50,51. However, this
approach is expected to give a poor prediction of KD values when applied to
typical titration binding data inwhich nominal antibody concentrations are
coupled to anMFI reflecting antibody-ligand complex afterhaving settled at
equilibrium (Sup. Fig. 3g left panel; Sup. Methods). Rather than using
nominal antibody concentrations, one should use equilibrium concentra-
tions of unbound antibody (Sup. Fig. 3g right panel), yet these are not
directly available.

In order to quantify the binding affinity of CD47 and TRP1 to
magrolimab and TA99 respectively, we consider a straightforward model
for binding kinetics represented in reaction scheme 1. This scheme states
that an antibody together with a ligand can reversibly bind to form a
complex:

A½ � þ L½ �"k1
k2
C½ � ð1Þ

Here, [A] is the concentration of antibody, [L] is the concentrationof ligand,
[C] is the concentration of complex and k1 and k2 are the rates of complex
association and dissociation respectively.

In the abovemodel, the ratio between k2 and k1 -commonly referred to
as KD - can be used to quantify the ligand’s affinity to bind to the antibody.
Although a measure of KD can be determined accurately using Surface
Plasmon Resonance (SPR)52, the required equipment and consumables are

costly. Several labs have therefore previously attempted to estimate a mea-
sure of KD by applying mathematical modeling to flow cytometry data
acquired at several antibody concentrations to bypass the need of SPR50,51. In
these studies, the following Michaelis-Menten-like formula was utilized to
describe the antibody-binding titration curves following from the MFI as a
function of the antibody concentration:

MFI ¼ MFImax A½ �
KD þ A½ � ð2Þ

Fitting such a curve requires the optimization of MFImax and KD, thus
yielding a direct measure of binding affinity through the optimized KD

parameter. If we substitute [A] with KD in Eq. 2 and simplify, we obtain:
MFI ¼ MFImax=2. Thus, the EC50 - i.e., [A] yielding half maximal MFI -
equals KD which allows one to directly read off KD from a (fitted) titration
binding curve. Onemajor caveat that was not accounted for in the previous
studies however, is that Eq. 2 only follows fromEq. 1, if the entire system is at
equilibrium (Supplementary methods).

Similar to previousmodeling attempts50,51, we used reaction scheme S1
as the basis for our approach to quantify antibody-ligand binding affinity.
Our ODE based model describes the dynamic behavior of the concentra-
tions of antibody, ligand and antibody-ligand complex (Eqs. 3, 4 and 5
respectively).

d A½ �
dt

¼ k2 C½ � � k1 A½ � L½ � ð3Þ

d L½ �
dt

¼ k2 C½ � � k1 A½ � L½ � ð4Þ

d C½ �
dt

¼ k1 A½ � L½ � þ k2 C½ �: ð5Þ

Weaimed touse thisODEmodel topredict [C] at equilibrium fromthe
initial rather than the equilibrium concentration of the antibody, and esti-
mate KD in the process. The major challenge in this approach is that the
initial concentrationof ligand is not known.However, as reaction schemeS1
implies a molar equivalence of 1:1 between [L] and [A] (i.e., 1 antibody
molecule binds to 1 ligandmolecule, giving rise to 1 complex), the maximal
attainable [C] shouldbe equal to the initial [L] (because at infinitelyhigh [A],
all ligand is bound). We can therefore use the asymptote of the titration
binding curve to estimate the initial concentrationof [L] after accounting for
a factor that scales MFI to a molar concentration of complex. Thus, esti-
mating KD requires determination of the MFImax as well as this scaling
factor (SF).

AlthoughEq. 2 is not suitable forKDestimation fromdatapertaining to
nominal concentrations of antibody and measurements of MFI at equili-
brium, curves derived fromdirectly applying such data to Eq. 2, have shown
to yield relatively low deviance50,51. This suggests that the fitted estimate of
MFImax (using Eq. 2), representing the horizontal asymptote of the curve,
could nonetheless be a good estimate of the true maximally attainable [C]
based on data like in Fig. 2a.

In practice however, simulations of the ODE system with pre-
determined parameters and initial conditions, show that MFImax is sys-
tematically overestimated when using this approach (Sup. Fig. 3h, j). This
bias can largely be attributed to the fact that the Michaelis-Menten-like
equation is not flexible enough to capture the abrupt saturation of MFI at
high levels of initial [A] coupled with the more gradual increase in MFI at
low levels of initial [A] (Sup. Fig. 3i). Fitting a more complex equation to
predict MFImax from titration binding curves increases the risk of over-
fitting the data that (due to heteroscedasticity) can be relatively variable
around the asymptote. Instead we opted to determine MFImax by
restricting our fit of the Michaelis-Menten-like curve through five data-
points pertaining to the highest tested concentrations of antibody. This
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approach greatly reduced bias across a wide range of theoretical KD values
(Sup. Fig. 3i, j).

From there, the fitting procedure continues as follows: The initial [L] is
estimated as the MFImax divided by an estimate of SF (Fig. 3a left panel).
Because this renders corresponding values for the initial concentrations of
antibody, ligand and complex, the ODE model can predict their values at
equilibrium for any given pair of k1 and k2 (Fig. 3amiddle panel). Since the
equilibrium values of [A], [L], and [C] depend only on the ratio between k2
and k1 (i.e. KD) and not on theirmagnitudes, one of the two parameters can
be fixed while fitting the other. We arbitrarily decided to fix k1 to 1 which
conveniently implies that the estimate of k2 directly reflects KD. We then
multiplied the simulated [C] at equilibrium with SF to obtain a predicted
MFI for any initial [A],whichwe then compared to the observedMFI values
to assessmodel performance (Fig. 3a right panel). In an iterative process, we
performed this procedure numerous times in order to identify the values for
SF andk2 thatminimize themodel’s residual devianceusingnon-linear least
squares regression.

Although the estimation of the KD value of a ligand-antibody inter-
action from titration binding curves can be of great value in itself, the
primary goal of this study was to statistically assess differences in binding
affinity between ligands at the cell-surface ofWT andQPCTLKOcell-lines,
requiring an expansion of this technique. To this end, we fitted twomodels
in which the WT and KO data for a given cell-type were fitted simulta-
neously. In the so-called ‘full model’, we estimated a joint SF to link theMFI
values from KO and WT data to concentrations of ligand-antibody com-
plex, whereas we fitted k2 separately for the KO and WT lines. In the so-
called ‘reducedmodel’, we also constrained k2 to be shared across cell-lines.
We assessed the performance of the two nested models in terms of the AIC
to strike a balance between goodness-of-fit and model complexity. We
considered theKDvalues betweenWTandKOcell-lines to bedifferent if the
AIC of the full model was lower compared to that of the reduced model,
indicating that thedecrease in residual varianceof the fullmodel outweighed
the penalty for introducing the added parameter.

Before applying this approach to the experimental data, we tested its
validity by generating a large number of artificial data sets that closely
mimicked the design and behavior of the experimental data (Sup. Fig. 3a)
but with fixed known parameters (Sup. Fig. 3b) in an attempt to retrieve
these values through the previously describedfittingprocedure. Estimatesof
MFImax, KD and SF could be retrieved with high accuracy across a range of
artificial datasets with varied underlying parameters Sup. Fig. 3c-e).

Crystal structure analysis
Crystal structures of CD47 in complex with αhuman CD47 clone
B6H12.253, a magrolimab diabody construct54 and human SIRPα34 were
identified in the protein databank (PDB)with accession codes 5TZU, 5IWL
and 2JJS, respectively. These were aligned to the CD47monomers in UCSF
ChimeraX55. Only the VH and VL domains are presented; for the magro-
limab (Hu5F9-G4) diabody, the chains were hidden beyond the (GGSGG)2
linkers. For TRP1 (PDB code 5M8L)56, the N-terminal glutamine was
replaced with a pGlu residue using Isolde57, which fits the electron density
map better than the glutamine residue originally modeled in.

TCGA data
RNA-seq data (RSEM quantified, batch normalized) was obtained from
TCGAfor30 tumor types forQPCTL.Expression levelswereplotted against
tumor type using R statistics (v4.4.1) and ggplot2 (v3.5.1).

Statistical testing and reproducibility
Groups were compared in Graphpad Prism (V9.3.1 for Windows, San
Diego, California USA, www.graphpad.com) using an Anova test or
otherwise indicated in the text, and p-values lower than 0.05 were con-
sidered tobe statistically significant. In general, experimentswere conducted
at least three times to obtain biological replicates as mentioned in the figure
legends, and forflow cytometry analysis at least 100,000 live single cells were
stained and 10,000 cells were measured and analyzed.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Hits of clinically relevant antibodies targeting proteins containing an
N-terminal Q or E are provided in Supplemental Data 1. Data used for the
main figures are provided in Supplemental Data 2.

Code availability
Code to estimate binding affinities from flow cytometry data and repro-
duced manuscript figures are available at: https://doi.org/10.5281/zenodo.
1641204158.
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