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ABSTRACT

The enzyme glutaminyl-peptide cyclotransferase-like protein (QPCTL) catalyzes the formation of pyroglu-
tamate residues at the NH,-terminus of proteins, thereby influencing their biological properties. A number
of studies have implicated QPCTL in the regulation of chemokine stability. Furthermore, QPCTL activity
has recently been shown to be critical for the formation of the high-affinity SIRPa binding site of the CD47
“don’t-eat-me” protein. Based on the latter data, interference with QPCTL activity —and hence CD47
maturation—may be proposed as a means to promote anti-tumor immunity. However, the pleiotropic
activity of QPCTL makes it difficult to predict the effects of QPCTL inhibition on the tumor microenviron-
ment (TME). Using a syngeneic mouse melanoma model, we demonstrate that QPCTL deficiency alters the
intra-tumoral monocyte-to-macrophage ratio, results in a profound increase in the presence of pro-
inflammatory cancer-associated fibroblasts (CAFs) relative to immunosuppressive TGF-B1-driven CAFs,
and leads to an increased IFN and decreased TGF- transcriptional response signature in tumor cells.
Importantly, the functional relevance of the observed TME remodeling is demonstrated by the synergy
between QPCTL deletion and anti PD-L1 therapy, sensitizing an otherwise refractory melanoma model to
anti-checkpoint therapy. Collectively, these data provide support for the development of strategies to
interfere with QPCTL activity as a means to promote tumor-specific immunity.
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Introduction analysis, the pGlu residue at the N-terminus of CD47 contri-

butes to the interaction surface with SIRPa’and, through
genetic screening, it was shown that the activity of QPCTL is

Regulation of immune cell activity at sites of infection or
cancer growth frequently occurs through a balance of sig-

nals that are received by immune activating and immune
inhibitory receptors.' For example, while activation of mye-
loid cells, including neutrophils, macrophages and mono-
cytes, often occurs through Fc receptor signaling, such
activation can be prevented through the simultaneous
engagement of ITIM/ITSM-containing inhibitory receptors
such as SIRPa. Specifically, binding of the “don’t-eat-me”
signal CD47, which is widely expressed on hematopoietic
and non-hematopoietic cells, to the SIRPa receptor on
myeloid cells has been shown to result in decreased mye-
loid effector function, including suppression of target cell
phagocytosis by macrophages and tumor cell killing by
neutrophils.”™*

The inhibitory capacity of CD47 is dependent on the
maturation of its SIRPa binding site by the ER-resident
enzyme QPCTL.>® Similar to its secreted family member
QPCT, QPCTL catalyzes the cyclization of N-terminal gluta-
mine and glutamic acid residues on target proteins into a
pyroglutamate residue (pGlu).”® As shown by structural

critical for the formation of this residue, making this enzyme a
key regulator of the high-affinity CD47-SIRPa-binding site.® In
line with this, prevention of pGlu formation on CD47, either by
genetic knock-out or small-molecule inhibition, leads to
reduced SIRPa binding and increased macrophage- and neu-
trophil-dependent killing of antibody-opsonized target cells.
Based on its role in regulating CD47-SIRPa signaling, and the
possibility to develop small-molecule inhibitors of enzymatic
activity, QPCTL forms a potentially interesting target in cancer
immunotherapy.

In addition to CD47, chemokines, such as CCL2 and CX;
CL1 have been identified as QPCTL and/or QPCT
substrates.'”"'> The formation of the N-terminal pGlu on
CCL2 was shown to increase its in vivo activity, both by con-
ferring resistance to aminopeptidases and by increasing its
capacity to induce CCR2 signaling.'® Likewise, pGlu-modified
CX;CL1 appears to show an increased capacity to promote CX;
CRI signaling in vitro."” Finally, around 600 human proteins
harbor a N-terminal glutamine or glutamic acid residue after
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Figure 1. Generation and characterization of QPCTL-deficient mice. (a) Ratio of recombinant mouse (rm)SIRPa-His and anti-mouse (am)CD47 antibody (clone
MIAP301) binding to blood cells from QPCTL™*, QPCTL™", and QPCTL™~ mice, as measured by flow cytometry. Dots depict the ratio of rmSIRPa-His/amCD47-MIAP301
mean fluorescence intensity (MFI) on blood cells from individual mice, group medians are indicated and whiskers represent min/max, n = 3 mice per group. (b) Flow
cytometry plot depicting data described in panel a for blood cells from a representative QPCTL*'* and QPCTL™~ mouse. (c) Heatmap depicting hierarchical clustering
performed on the 1,000 most differentially expressed genes in bone marrow (BM), lymph node (LN) and spleen samples from QPCTL** and QPCTL™~ mice. (d-e)
Unbiased Euclidean distance-based clustering of immune cells obtained from spleens of QPCTL** and QPCTL™~ mice. UMAP 2-dimensional projection (d) depicts the
obtained clusters. Cell counts of both genotypes within each cluster are depicted (e). Bars indicate group means, error bars represent standard error of the mean. P
values were determined by one-way ANOVA followed by Tukey’s HSD test (a) or by two-sided Student’s T test with Bonferroni correction for multiple testing (e).
Significant P values (< 0.05) are indicated in the plots. Data are representative of 3 independent experiments (a-b), or were obtained in a single experiment (c-d). UMAP,

Uniform Manifold Approximation and Projection.

the predicted signal peptide cleavage site, and it is plausible that
additional QPCTL/QPCT substrates exist amongst this group
of proteins."?

Because of its known or potential role in the post-
translational modification of different immune- or tumor
cell-related molecules, it is difficult to predict the overall
effects of QPCTL inhibition on the tumor microenviron-
ment (TME), and the poor pharmacokinetics of available
QPCT/QPCTL inhibitors such SEN177° has precluded eva-
luation of such effects by small-molecule inhibition. To
address this question, we have generated a QPCTL-
deficient mouse model and combined it with QPCTL-
deficient tumor cells, to map the effects of QPCTL defi-
ciency of either cellular compartment on the composition
of the TME. The obtained data reveal that QPCTL defi-
ciency results in a skewing of the macrophage-monocyte
ratio, causes an approximately 20-fold change in the bal-
ance between TGF-B-producing myofibroblastic cancer-
associated fibroblasts (myCAFs) and cytokine-secreting
inflammatory CAFs (iCAFs), and shifts tumor cells from a
TGE-p-responding to an IFN-responding state. Collectively,
these changes convert the TME to pro-inflammatory envir-
onment that sensitizes tumors to anti-PD-L1 therapy.

Together, these results suggest that therapeutic manipula-
tion of QPCTL activity may synergize with current cancer
immunotherapies.

Genetic deletion of QPCTL does not significantly alter
the immune compartment

Previous work has indicated that genetic deletion of QPCTL
can be used to study its function in vivo;'%1* however, the
possible effects of QPCTL inactivation on the TME has not
been studied. To determine how blockade of QPCTL activity
alters the TME, we applied CRISPR-Cas9 mediated gene-
editing to generate a QPCTL-deficient (QPCTL™") C57BL/6
mouse strain that is compatible with commonly used tumor
models. To first determine whether QPCTL deficiency results
in abrogation of pGlu formation on CD47, peripheral blood
cells from QPCTL™™ mice and WT littermates were stained
with mouse SIRPa and an anti-mouse CD47 antibody that
recognizes CD47 independent of pyroglutamate formation.®
As compared to WT littermates, blood cells of QPCTL ™/~
mice displayed significantly decreased SIRPa binding, thereby
providing the first evidence that QPCTL is also a critical CD47
modifier in vivo (Figure 1a-b).
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Figure 2. Tumor and host QPCTL deficiency alters the M@-Mo ratio in the TME. (a) Frequency of macrophages and monocytes of myeloid cells (CD11b*), and Me-
Mo ratio, in the TME of QPCTL™* (n = 4) and QPCTL ™" (n = 6) mice inoculated with QPCTL-WT or QPCTL-KO B16F10 melanoma cells, respectively. Tumors were analyzed
between 14-16 days post inoculation. (b) UMAP visualizing 30,000 cells sampled from the data shown in a. 5,000 cells were randomly drawn from each sample (n =3
mice per group) prior to analysis. Colors indicate clusters obtained by Euclidean distance-based hierarchical clustering, cluster phenotype is shown in Supplementary
Fig 2 f. (c) Contribution of cells from QPCTL-proficient (n = 3) and QPCTL-deficient (n = 3) TMEs to each cluster shown in panel b. Bars indicate group means, error bars
represent standard error of the mean. (d) Frequency of macrophages and monocytes of myeloid cells (CD11b*), and Mg-Mo ratio, in the TME of QPCTL** and QPCTL™~
mice inoculated with either QPCTL-WT or QPCTL-KO B16F10 melanoma cells (n = 7-8 per group). Tumors were analyzed between 12-14 days post inoculation. (e)
Frequency of macrophages and monocytes of myeloid cells (CD11b*), and Mg-Mo ratio, in the TME of QPCTL™* mice inoculated with QPCTL-WT, QPCTL-KO, CD47-KO,
or CD47/QPCTL double-KO (dKO) B16F10 cells. Tumors were analyzed between 14-16 days post inoculation. (f) Frequency of macrophages and monocytes of myeloid
cells (CD11b™), and Me-Mo ratio, in the TME of QPCTL™* and QPCTL™~ mice inoculated with QPCTL-WT and QPCTL-KO MC38 cells, respectively. Data from 2
independent experiments are shown (n = 5 per experiment). Tumors were analyzed at 22 (experiment 1) or 29 (experiment 2) days post inoculation. Dots indicate
measurements from individual mice, group medians are indicated and whiskers represent min/max. P values were determined by two-sided Student's T test without (a,
f) or with Bonferroni correction for multiple testing (c), or by one-way ANOVA followed by Tukey’s HSD test (d, e). Significant P values (< 0.05) are indicated in the plots.
For all boxplots, dots represent individual mice, group median and 25th/ 75th percentiles are indicated by the box, whiskers indicate min/max. Data are representative
of at least 2 independent experiments (a, d, f), or were obtained in a single experiment (b, ¢, e). UMAP, uniform manifold approximation and projection.

To understand how QPCTL deficiency influences steady- cells of total CD4* T cells was observed in QPCTL ™~ mice, but
state immune cell frequencies and gene expression, QPCTL™~  no significant changes in other immune cell-type frequencies
and QPCTL"'" littermates were subjected to histopathological, ~were identified (Supplementary Fig. 1d). The absence of sub-
transcriptomic and flow cytometric analysis. Histopathological ~ stantial differences in immune cell frequencies was corroborated
assessment of QPCTL ™~ mice revealed no significant morpho- by unbiased hierarchical clustering of cells obtained from
logical ~aberrations relative to littermate controls QPCTL"* and QPCTL™" spleen samples (Figure 1d and
(Supplementary Data 1), and gene expression analysis of spleen, ~ Supplementary Fig. le).
lymph nodes, and bone marrow revealed no genotype-specific
transcriptional changes (Figure lc, Supplementary Fig 1a),
indicating that QPCTL deficiency does not result in major
alterations in steady-state immune activity. Likewise, no sub-
stantial differences in cell counts or immune cell population To test whether systemic QPCTL deficiency influences
frequencies were observed in blood (Supplementary Fig. 1b- immune cell infiltration in the TME, QPCTL** and
c). In spleen, a modest increase in the frequency of NK cells of QPCTL™'~ mice were inoculated with wild-type (QPCTL-
total non-myeloid cells and a decrease in the fraction of activated 'WT) and QPCTL knock-out (QPCTL-KO) B16F10 melanoma

QPCTL-deficiency alters macrophage-monocyte-
ratios in the TME
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cells (Supplementary Fig. 2a), respectively, and TMEs were
analyzed by flow cytometry 14-16 days post inoculation.
QPCTL-proficient and -deficient tumors grew with similar
kinetics and were similarly infiltrated by large numbers of
myeloid cells (Supplementary Fig. 2b-c). Importantly, within
the myeloid subset, QPCTL-deficient TMEs exhibited a signif-
icant higher frequency of macrophages and a substantially
increased macrophage-monocyte (M@-Mo) ratio (Figure 2a).
Although no other significant changes within the immune
infiltrate could be detected (Supplementary Fig. 2d), an
increase in the frequency of B cells, a trend toward a decrease
in monocytes, and a decrease in the frequency of CD4" T cells
within the non-myeloid immune cell subset was observed in
peripheral blood samples from QPCTL-deficient tumor-
bearing mice (Supplementary Fig. 2e). Also, when immune
infiltrates of QPCTL-deficient and -proficient TMEs were ana-
lyzed through unbiased hierarchical clustering, an increase in
F4/80" cells (macrophages) and a decrease in Ly6C™&" cells
(monocytes) in QPCTL-deficient TMEs was observed (Figure
2b-c, Supplementary Fig. 2f).

To determine whether the increased M@-Mo-ratio could
be attributed to a lack of QPCTL activity in either host or
tumor cells, QPCTL"* and QPCTL ™" mice were inoculated
with either QPCTL-WT or QPCTL-KO melanoma tumor
cells (Supplementary Fig. 3a). Both tumor and host
QPCTL deficiency led to an increased M@-Mo-ratio, but
the most profound increase in M@-Mo-ratios was observed
when QPCTL activity was lacking in both cell compartments
(Figure 2d, Supplementary Fig. 3b-c). In blood, the most
pronounced differences in immune cell frequencies were
found when comparing tumor-bearing versus non-tumor-
bearing animals—independent of QPCTL activity—empha-
sizing that QPCTL deficiency does not impact the systemic
immune compartment in a major way (Supplementary Fig.
3d). To explore to what extent loss of pGlu-modified CD47
contributed to the altered intra-tumoral M@-Mo balance,
wild-type mice were inoculated with QPCTL-, CD47- or
double-KO tumor cells. Absence of CD47 resulted in Mg
frequencies that were numerically higher than observed in
recipients of WT B16 tumor cells, but to a lower extent than
observed in recipients of QPCTL-KO cells, and did not
significantly alter M@-Mo-ratios (Figure 2e). This suggests
that, if the CD47-modifying activity of QPCTL contributes
to the altered myeloid cell composition in these tumors, it
likely plays a minor role.

To test whether the role of QPCTL as a modifier of the
TME extended to other tumor models, QPCTL"* and
QPCTL™’~ mice were inoculated with QPCTL-WT and
QPCTL-KO MC38 colon carcinoma cells, respectively.
Following tumor outgrowth, a profound increase in Mg-
Mo-ratio was observed in QPCTL-deficient TMEs (Figure
2f, Supplementary Fig. 4a-b), while no significant changes
were detected in other immune cell subsets (data not
shown). Together, these data indicate that QPCTL affects
the TME composition in at least two different tumor mod-
els, and that combined tumor and host QPCTL deficiency
leads to a significant increase in M¢-Mo-ratio.

QPCTL deficiency is associated with suppressed
intra-tumoral melanogenesis and cell metabolism

Having established that QPCTL deficiency is associated with an
alteration in intra-tumoral immune cell composition, we set
out to investigate the effect of QPCTL deficiency on the tumor
cell and stromal cell compartment of the TME. RNA sequen-
cing of CD45-negative cell fractions from QPCTL-deficient
and -proficient TMEs showed that QPCTL deficiency resulted
in differential expression of a substantial set of genes (Figure
3a, Supplementary Fig. 5a), and network analysis revealed that
expression of multiple genes involved in melanogenesis (Dct,
Tyrpl, and Gpnmb) was reduced in QPCTL-deficient melano-
mas (Figure 3b). Assessment of the expression level of a
broader set of genes involved in melanogenesis likewise
showed dampening of this pathway (Figure 3c). Interestingly,
these transcriptional changes coincided with the functional
abrogation of melanin production, as evidenced by a loss of
pigmentation of QPCTL-deficient tumors (Supplementary
Fig. 5b). Expression of a network of genes involved in cell
cycle (Mapkl, Aktl) and cell metabolism (Pgkl, Atp5al, and
Oxctl) was additionally found to be decreased in CD45-
negative cells in the QPCTL-deficient setting (Figure 3b, d,
Supplementary Fig. 5c¢). While dampened expression of
these gene sets was consistently observed, effect sizes were
small and had no discernible effect on tumor outgrowth
(Supplementary Fig. 2b-c).

To further explore putative transcriptional alterations in
the CD45-negative compartment as a result of QPCTL
deletion, obtained transcriptomes were clustered based on
the top 1,000 most variable genes, revealing a cluster of
genes that was enriched in 3 out of 6 QPCTL-deficient
samples (gene cluster 2, Figure 3e). Network analysis per-
formed on this cluster showed that this gene set contained
a small network comprised of IFN-induced genes (Gbp
family members, Tapl, Irfl; Figure 3f). Interestingly, pre-
vious studies have shown that IFNy can act as a suppressor
of melanogenesis in B16F10 melanoma cells,’>'7 a notion
that potentially links this IFN signature to the observed
decrease in tumor pigmentation.

Single cell transcriptomic profiling reveals remodeling of
the tumor micro-environment by QPCTL deficiency

The above data indicate that QPCTL inactivation affects
both immune cell composition of the TME and the transcrip-
tome of non-immune cells at the tumor site. With the aim to
potentially link these two observations, we inoculated
QPCTL** and QPCTL ™™ mice with QPCTL-WT and QPCTL-
KO BI16F10 cells, respectively, and performed scRNAseq of
both immune cells and non-immune cells from the resulting
QPCTL-deficient and -proficient TMEs. Applying the
MetaCell algorithm'® on 13,093 transcriptomes derived from
6 TMEs (3 QPCTL-proficient, 3 QPCTL-deficient), showed 3
transcriptionally divergent cell supertypes, reflecting immune
cells (Ptpre, Itgam), fibroblasts (Collal, Acta2), and tumor cells
(Mlana, Pmel) (Supplementary Fig. 6). To identify cell type-
specific changes that accompany QPCTL deficiency, each of
these supertypes was subsequently re-clustered and analyzed
separately.
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Figure 3. QPCTL deficiency results in suppression of melanogenesis and cell metabolism. mRNA sequencing was performed on sorted CD45-negative cells from
QPCTL-proficient (n = 5) and QPCTL-deficient (n = 6) B16F10 TMEs. Tumors were harvested at day 14 post inoculation. (a) Differential gene expression analysis
comparing CD45-negative cells obtained from QPCTL deficient versus QPCTL-proficient TMEs. Genes with a false discovery rate (FDR) < 0.05 are indicated in red.
Selected genes are indicated in the plot. (b) network analysis (StringDB) performed on all significantly (FDR < 0.05) differentially expressed genes. Genes with a medium
interaction strength (> 0.4) are included. Line thickness indicates interaction strength. Nodes are colored based on log2 fold differences obtained in a. (c) Transcript
abundance of selected genes in the melanogenesis pathway. Boxplots indicate group median and 25th /75th percentiles, whiskers indicate the interquartile range
multiplied by 1.5, dots signify individual samples. (d) Signature expression of cell cycle-associated hallmark signatures from MSigDB, calculated as the summed CPM of
all genes within each signature. Boxplots indicate group median and 25th /75th percentiles, whiskers indicate the interquartile range multiplied by 1.5, dots signify
individual samples. (e) Hierarchical clustering of the 1,000 most differentially expressed genes across all samples, depicted as a row-normalized heatmap. (f) Network
analysis (StringDB) performed on genes from cluster 2 (e). Genes with a medium interaction strength (> 0.4) are included. Line thickness indicates interaction strength.
Nodes are colored based on log2 fold differences obtained in panel a. P values were determined by one-way ANOVA followed by Tukey's HSD test (c, d). Significant P
values (< 0.05) are indicated in the plots. Data are representative of 2 independent experiments. CPM, counts per million; MSigDB, Molecular Signatures Database.

To investigate which of the transcriptional changes
observed in the CD45-negative compartment could be mapped
to the tumor cell compartment, this supertype was re-grouped
into transcriptionally disparate MCs (Figure 4a,
Supplementary figure 7a), and the relative contribution of
cells from either QPCTL-deficient mice or QPCTL-proficient
samples to the different MCs was examined. Strikingly, 1 MC
(MC12) was nearly exclusively observed in QPCTL-deficient
samples (Figure 4b). Examination of the marker genes of
MCI12 showed a prominent presence of IFN-induced tran-
scripts Ifitm3, B2m, Bst2, and H2-DI (Figure 4c), and gene-
set enrichment analysis performed on MCI12 marker genes
identified both IFNy and IFNa response as the strongest
enriched gene-sets (Figure 4d, Supplementary figure 7b-c).
IFNy and IFNa/P response signatures show a high level of
overlap,'”' making it difficult to assign the observed response
to either cytokine. To potentially deconvolute these signatures,
and diagnose other putative cytokine response signatures, the
CytoSig model'® was applied to MC12. In line with the GSEA,
this analysis detected transcription response signatures of all
IEN types, with the highest score being observed for IFNy
(Supplementary figure 7d). CytoSig additionally identified a
reduction in TGF-P signaling in MC12, and retrospective

analysis of the bulk RN Aseq data revealed reduced expression
of TGF-B responsive genes in QPCTL-deficient TMEs
(Supplementary figure 7e). Furthermore, differential gene
expression analysis showed that QPCTL deficiency was asso-
ciated with a reduced TGF-f and an increased IFN responsive
signature (Figure 4e-g) across all MCs, potentially indicating
either an altered abundance of—or sensitivity to—these cyto-
kines. Notably, in vitro sensitivity of BI6F10 cells to both TGF-
B and IFNy was unaltered by QPCTL deficiency
(Supplementary figure 7f-i), arguing in favor of an altered
abundance of these cytokines in the TME.

Next, the immune cell compartment was grouped into 11
MetaCells (MCs), classified as either CD3" lymphocytes (Cd8a,
Cd3e), dendritic cells (Ccr7, H2-Aa), or macrophages/mono-
cytes (Adgrel, Fcgrl; Figure 5a-b, Supplementary Fig. 8a). The
macrophage/monocyte (M@/Mo) MCs could be further sub-
divided into two groups that were marked by high expression
of either Ccr2 and Itga4 (M@/Mo-1 subgroup) or Ms4a7 and
Pf4 (M@/Mo-2 subgroup; Figure 5b-c), suggestive of a blood-
versus tissue-derived origin.”>>*> Analysis of the contribution
of cells from QPCTL-deficient and -proficient TMEs to indivi-
dual MCs indicated that QPCTL deficiency changed the rela-
tive abundance of the different cell states that jointly comprised
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Figure 4. QPCTL deficiency leads to an increased IFN- and decreased TGF-B-response signature in tumor cells. scRNA sequencing was performed on sorted live
cells from QPCTL-proficient (n = 3) and QPCTL-deficient (n = 3) B16F10 TMEs. Tumors were harvested at day 14 post inoculation. (a) 2-dimensional MetaCell projection
of the tumor cell compartment. Single cells are colored by MetaCell. (b) Stacked bar chart depicting the sample composition of each tumor cell MetaCell. Cell counts
from each sample were normalized to 1,000 cells. (c) Enrichment of marker genes (6 highest and lowest expressed) in tumor cell MetaCell 12. (d) Gene set enrichment
analysis performed on the top and bottom 200 genes expressed by MC12 (see Supplementary Fig. 7b). Gene-enrichment plots for the IFNy and IFNa response gene-
sets are depicted. (e-f) Differential gene expression analysis comparing tumor cells derived from QPCTL-proficient and QPCTL-deficient TMEs, followed by gene set
enrichment analysis using either hallmark (e) or immunologic signature (f) gene sets from MSigDB. Results obtained from the immunologic signature gene sets were
filtered for those containing “TGFb". Gene sets with a P < .05 are shown. (g) Volcano plots depicting differential gene expression analysis. Horizontal line indicates an
adjusted P value cutoff of 0.05. IFN (left) or TGF-B (right) signature genes are highlighted in red (see Supplementary Table 1 for signature genes). Red numbers denote
quantity of significant differentially expressed genes within the signature, gray numbers denote the quantity of remaining differentially expressed genes. Depicted data
were obtained in a single experiment, consisting of 6 mice. NES, normalized enrichment score; MSigDB, Molecular Signatures Database.

the M¢@/Mo-1 subgroup (Supplementary Fig. 8b). As intra-
tumoral M@/Mo cells can exist within a continuum of tran-
scriptional cell states,”>*’” pseudotime analysis was performed
on Mg/Mo subgroup 1 to examine if such a continuum could
be observed, and whether this was linked to QPCTL deficiency.
This analysis demonstrated a strong continuous association
between pseudotime (i.e. cell state) and sample-origin (Figure
5d). To investigate the transcriptional changes underlying this
association, genes were clustered based on their expression
kinetics across pseudotime (Supplementary Fig. 8c), revealing
a gradual loss of expression of Mo-related genes Ly6c2 and
Plac8 across pseudotime (Figure 5e), with the lowest expres-
sion levels found in the area that contained the highest fraction
of cells from QPCTL TMEs. At the same time, an increase in
transcripts linked to ‘inflammation-resolutory’ M¢’s (Mrcl,
Timp2), antigen-presentation (H2-Aa, Cd74) and M¢ effector
function (Eps8, Ctsd, Ecml, and Lipa)*®*>" was observed.
Consistent with these findings, M¢@/Mo cells that were more
dominant in QPCTL-deficient samples had reduced expression
of monocyte-associated transcripts, and displayed transcrip-
tional similarity to previously identified tumor-associated
macrophage subsets®> (Supplementary Fig. 8d). Together
with the observed M@-Mo skewing (Figure 2), these data
argue in favor of a model in which QPCTL deficiency in the
TME leads to transcriptional changes that drive Mo-to-M¢
conversion. Moreover, the intra-tumoral macrophages identi-
fied by flow cytometry (Figure 2) exhibited high-level surface

expression of MHC class II (H2-Aa), CD206 (Mrcl) and CCR2
(Ccr2), linking these cells to the M¢@/Mo population identified
through scRNAseq (Supplementary Fig. 8e).

Congruent with the flow cytometric analysis, no differences
in the frequencies of CD3" lymphoid cells derived from
QPCTL-deficient versus QPCTL-proficient TMEs could be
observed in the scRNAseq dataset. However, as activated lym-
phoid cells are potent producers of IFN, we queried whether
transcriptional features associated with lymphocyte activation
were detected more frequently in lymphocytes from QPCTL-
deficient TMEs. Interestingly, expression of genes associated
with TCR-triggering (Ifng, I1I12rb, and Tnfrsf9) and cell cycle
activity (Top2a, Mki67, and Birc5) was detected more fre-
quently in cells derived from the QPCTL-deficient tumors
(Figure 5f). Likewise, lymphocytes derived from QPCTL-
deficient TMEs showed increased expression of the chemokine
genes Ccl3, Ccl4, and Ccl5, and of the T cell activation-related
genes Ly6a, Nkg7, and Gzmb (Supplementary Fig. 8f). While
the increase in Ifng gene expression in lymphocytes in QPCTL-
deficient samples was only modest, the parallel observation of
other aspects of lymphocyte activation in these samples sug-
gests that these cells may, at least in part, be responsible for the
IEN responsive signature that is observed in the tumor cell
compartment.

Diverse subsets of cancer-associated fibroblasts (CAFs) that
possess distinct immunomodulatory functions have been
reported in the TME of different cancer types,” and two highly
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Figure 5. QPCTL deficiency alters the immune cell compartment and CAF polarization in the TME. scRNA sequencing was performed on sorted live cells from
QPCTL-proficient (n = 3) and QPCTL-deficient (n = 3) B16F10 TMEs. Tumors were harvested at day 14 post inoculation. (a, b) 2-dimensional MetaCell projection of the
immune cell compartment. Single cells are colored by metacell (a), or normalized UMI count (b) of selected genes. (c) Violin plots depicting normalized UMI counts of
selected genes across Mp/Mo MCs. (d,e) Slingshot trajectory analysis performed on Mg/Mo subset 1 (MC1, 2 and 3). (d) QPCTL-deficient or QPCTL-proficient TMEs
replicates were pooled, and normalized cell counts were tallied within windows of 60 cells wide, sliding 1 cell per frame. Lines indicate normalized cell counts within
each window. (e) Normalized UMI counts of selected genes that are significantly associated with pseudotime. Blue lines indicate general additive linear models, grayed
areas indicate confidence intervals, gray dots represent single cells. (f) Violin plots depicting normalized UMI counts of selected genes within the CD3* lymphoid cell
MetaCell (MC6). (g, h) 2-dimensional metacell projection of the fibroblast compartment. Single cells are colored by MetaCell (g), or normalized UMI count (h) of selected
genes. (i) Enrichment of iCAF and myCAF signatures (Supplementary Table 2) in each CAF MetaCell. Signature values represent summed log2 transformed enrichment
values, calculated using the MetaCell algorithm. (j) Stacked bar chart depicting sample composition of each CAF MetaCell. Cell counts from each sample were
normalized to 1,000 cells. (k) myCAF/iCAF ratio detected in QPCTL-proficient and -deficient TMEs. Colored dots indicate individual mice, black dots indicate means,
whiskers indicate the standard deviation. Depicted data were obtained in a single experiment, consisting of 6 mice. iCAF, inflammatory cancer-associated fibroblast;
myCAF, myofibroblastic cancer-associated fibroblast; UMI, unique molecular identifier.

distinct populations—termed TGF-B-producing myofibroblas-  markers (C3, Clec3b; Figure 5g, Supplementary Fig. 8h). In
tic CAFs (myCAFs) and IL-1-driven inflammatory CAFs line with this, analysis of signature enrichment-scores pertain-
(iCAFs)—have been identified in a recent set of cross-species ing to these two subsets showed that MC2 and MC4 scored the
studies.’*** As a reduced TGF-f response signature was iden-  highest for either the myCAF or iCAF signature, respectively
tified as one of the characteristics of tumor cells in QPCTL-  (Figure 5h). Moreover, increased surface expression of the
deficient tumors, we next asked whether QPCTL deficiency myCAF and iCAF markers CD29/ITGB1 and Ly6C was
affected CAF polarization. MetaCell-based clustering within  detected on MC2 and MC4, respectively (Supplementary
the fibroblast cell supertype resulted in five transcriptionally  Fig. 8i). Strikingly, MC2 and MC4 displayed the highest deple-
distinct MCs (Figure 5g, Supplementary Fig. 8g). Assessment tion and enrichment in QPCTL-deficient and -proficient TMEs
of transcripts known to be involved in CAF function showed (Figure 5i), resulting in a 20-fold increase in the iCAF/myCAF
that MC2 was enriched for Tgfbl transcripts and several ratio in QPCTL-deficient TMEs (Figure 5j). Thus, in the
myCAF markers (e.g. Acta2 and Itgbl), whereas MC4 exhib- absence of QPCTL activity, polarization of fibroblasts toward
ited more pronounced expression of genes involved in func- TGF-B-producing myCAFs is reduced in favor of the more
tional inhibition of TGF-p (Ltbpl, Dcn) and multiple iCAF  pro-inflammatory iCAFs.
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QPCTL deficiency enhances susceptibility of B16F10
melanoma to anti-PD-L1 treatment

The B16F10 melanoma model commonly shows a poor
response  to  single-agent PD1/PD-L1  checkpoint
blockade.”®*” Having observed that QPCTL deficiency alters
the TME to a more proinflammatory state, we hypothesized
that QPCTL deletion may modulate the sensitivity of B16F10
tumors to such PD-1/PD-L1 blocking therapies. To test this,
QPCTL** and QPCTL ™~ mice were inoculated with QPCTL-
WT and QPCTL-KO B16F10 cells, respectively. Upon tumor
formation (6 days post-inoculation) mice were treated with
either an anti-PD-L1 or isotype control antibody. In QPCTL-
proficient animals, tumor growth progressed rapidly and was
not influenced by anti-PD-L1 therapy (Figure 6a). In contrast,
anti-PD-L1 therapy did result in improved tumor control in
QPCTL-deficient mice (Figure 6a), and led to a prolonged
survival in approximately 50% of animals (Figure 6b), provid-
ing direct evidence that the TME modulatory effect of QPCTL
removal has functional consequences.

Discussion

QPCTL activity is known to influence the properties of a
number of molecules that are active in the TME and may
potentially influence additional—as of yet unidentified —sub-
strates. To obtain a global view of the cumulative effects of
QPCTL activity on the host’s immune response to tumor
growth, we made use of a QPCTL ™'~ mouse model in combi-
nation with syngeneic QPCTL-KO tumor cell lines. We con-
clude that inactivation of QPCTL alters M¢-Mo abundance,
increases IFN pathway activity relative to TGF-p pathway
activity, and leads to a profound increase in iCAFs relative to
myCAF in the TME (Supplementary Fig. 9a). In line with the
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observed skewing of the TME to a pro-inflammatory state that
is induced by QPCTL deficiency, we demonstrate that such
deficiency leads to the sensitization of B16F10 melanomas to
anti-PD-L1 treatment.

The current study has the following limitations: 1) Germline
deletion of QPCTL may potentially lead to developmental altera-
tions that influence the host’s response to tumor challenge, for
example, affecting the capacity of certain CAF or immune sub-
sets to differentiate, independent of QPCTL activity during
tumor outgrowth. However, the absence of clear phenotypic
alterations at baseline, and the fact that an increased Me-Mo-
ratio was observed in wild-type mice challenged with QPCTL-
deficient tumor cells, argue against this possibility. 2) In the
present study, we have aimed to model the effects of depletion
of QPCTL activity on the tumor micro-environment, whereas
glutaminyl cyclase inhibitors will, based on the similarity of their
active sites, likely inhibit both QPCTL and QPCT activity.”®>’
Such inhibition of QPCT may be relevant as siRNA-mediated
suppression of QPCT has been shown to reduce expression of
CCL2, CX;CL1 and CD54/ICAM." In future work, dual inacti-
vation of QPCTL and QPCT may form a means to test this.

The depletion of monocytes that we observe in QPCTL-
deficient TMEs may potentially be explained by a decreased
functionality of the CCL2-CCR2 signaling axis. In pre-clinical
models of breast cancer, the CCL2-CCR2 axis has been shown
to influence the abundance of monocytes in primary tumors™
and metastatic lesions.*' Furthermore, monocyte recruitment was
found to be reduced after thioglycolate challenge of mice that were
either QPCTL-deficient or treated with QPCT/QPCTL
inhibitors.'® However, it is important to note that at high con-
centrations, pyroGlu-CCL2 and unmodified CCL2 demonstrate
similar chemotactic activity,'” and the effect of impaired pyro-
glutamylation of CCL2 will therefore depend on local
concentrations.
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Figure 6. QPCTL deficiency sensitizes the tumor microenvironment to anti-PD-L1 treatment. QPCTL""* and QPCTL™" mice were inoculated with QPCTL-WT and
QPCTL-KO B16F10 melanoma cells, respectively. Each group subsequently received either anti-PD-L1 or isotype control antibody treatment at day 7, 9 and 11 post
tumor inoculation. (@) Tumor growth curves, assessed until day 50 post tumor inoculation. Lines represent individual mice. Data from two experiments are depicted
(n =5 per group). (a) Survival probabilities of mice treated with anti-PD-L1 or isotype control antibody in a QPCTL-proficient and -deficient setting. Black plus-signs
indicate censored events. Data from two experiments are depicted (n = 5 per group). Global P values were determined by log-rank test (b). Data from 2 independent

experiments are depicted.



Contrary to expectations, we observed a relative increase in
macrophage frequencies in QPCTL-deficient TMEs.
Transcriptomic profiling of intra-tumoral M@/Mo cells
revealed that these macrophages expressed monocyte-
associated molecules (e.g. Ccr2 and Itga4) and pseudotime
analysis suggests the existence of intermediate Mg/Mo cell
states, together arguing in favor of their monocytic origin. In
prior work, abrogation of the CCR2-CCL2 signaling axis in
monocytes has been shown to strongly reduce the accumula-
tion of intra-tumoral macrophages.42 Based on these data, we
propose that the boosting of intra-tumoral macrophages by
QPCTL inactivation occurs through a mechanism that is inde-
pendent of CCL2, and is potentially driven by an accelerated
monocyte-to-macrophage differentiation program.

Having observed a number of independent alterations in the
TME that are induced by QPCTL deficiency, it is of interest to
speculate on the possible causal relationship between these
individual changes. One possible scenario (Supplementary
Fig. 9b) is that suppression of the CCR2-CCL2 axis due to
the lack of QPCTL activity causes an early reduction in the
influx of monocytes, which have been shown to form a major
source of TGF-B.** Such an initial deficit in TGF-B abundance
could potentially limit myCAF polarization and favor differ-
entiation toward iCAFs, relieving TGF-B-driven suppressive
effects on myeloid and lymphoid effector cells. Notably, TGF-
B can act as a suppressor of IFNy production by NK cells***
and CD8" T cells,***” and increased abundance of activation-
associated transcripts was observed in lymphocytes from
QPCTL-deficient TMEs, together suggesting that this cell
pool may be the source of the observed IFN-response signa-
ture. Genetic ablation experiments (Figure 2) indicated that
CD47 does not play a significant mechanistic role in the TME-
modulatory effects of QPCTL in the B16 melanoma model.
However, as the CD47/SIRPa axis acts primarily through inhi-
bition of activating signals of ITAM-containing receptors, such
as activating Fc receptors on myeloid cells, it is plausible that
the observed synergy between QPCTL deficiency and treat-
ment with an opsonizing anti-PD-L1 antibody is at least par-
tially mediated through its effect on the CD47 pathway.

In summary, our data provide evidence that removal of
QPCTL activity can shift the TME from an immunosuppres-
sive (monocyte skewed, myCAF, TGF-p) toward a pro-
inflammatory (macrophage skewed, iCAF, IFN) milieu, and
acts synergistically with anti-PD-L1 therapy to enhance
tumor control and survival. If this TME-remodeling effect
can also be achieved through pharmacological inhibition of
QPCTL activity in human cancers, such inhibitors may offer
potential in combination treatment strategies that include
checkpoint blocking antibodies and/or tumor-opsonizing
antibodies.

Material and methods

Mice. C57/BI6JR mice were obtained from Janvier. QPCTL ™~
mice carrying an 811 bp deletion in exon 2 of the Qpctl gene
were generated on the C57BL/6]JRj background using pronuc-
lear microinjection in mice zygotes with a CRISPR/Cas9 mix-
ture (50 ng/ul Cas9 RNA and 25 ng/ul sgRNA, in water). The
sgRNA was targeted to the second exon of the Qpctl gene (5°-
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GCACAATCAATAAGGGACGC-3’). QPCTL™™ mice and
QPCTL"" mice were identified by PCR using the following
primers: Fwd_KO (5-GTTTTAGGGATGGATGCCGC-3),
located before the 811 bp deletion, Fwd_WT (5-
GGACTCCTAGTAGGCAACGG-3’), located in the 811 bp
deletion, and Rev (5-GGCTGTTTTGGGATCTTCGG-3),
located after the 811 bp deletion.

Evaluation of mouse blood cell counts. Whole blood of mice
was collected by heart puncture and total cell counts were deter-
mined using a DxH500 Hematology Analyzer (Beckman
Coulter).

Peripheral blood collection and preparation. Whole blood
of mice was collected into heparin-coated tubes by heart punc-
ture or tail vein puncture at indicated time points. Samples
were incubated twice for 5 min in erythrocyte-lysis buffer
(0.15 M NH,C], 10 mM KHCO;, 0.1 mM EDTA, pH 7.4),
and washed once in staining buffer (0.5% BSA in PBS). Cells
were then used for antibody staining, as described below.

Cell lines. BI6F10 cells and MC38-AMS cells were kindly
provided by D. Peeper (Division of Molecular Oncology &
Immunology, Oncode Institute, The Netherlands Cancer
Institute, Amsterdam, The Netherlands). The MC38-AMS
cell line is a variant of the MC38 cell line available from
Kerafast. Whole-exome sequencing was performed to compare
the MC38-AMS and MC38-Kerafast line, and data have been
uploaded to the Sequence Read Archive. BI6F10 and MC38-
AMS cells were cultured in DMEM (Gibco) supplemented with
8% FCS and penicillin-streptomycin. Cells were cultured at
37°C and 5% CO,.

CRISPR/Cas9-mediated generation of CD47 and QPCTL
knockout cells. To generate QPCTL- knockout (KO), CD47-
KO, and WT control B16F10 cell lines, cells were transfected
with pLentiCRISPR v.2 vector encoding sgRNA targeting the
murine QPCTL (5’- TATTGATTGTGCGACCCCCG-3’) or
CD47 (5- AGCAACAGCGCCGCCGCCAA-3’) gene, or left
untransfected. Culture medium of transfected cells was supple-
mented the next day with 2 pg ml™' puromycin for at least
2 days. Selected cells were expanded, and subsequently sorted
on the basis of amCD47-MIAP301'° mSIRPa-Fc'® phenotype
(in case of CD47 knockout), or amCD47-MIAP301"™ mSIRPa-
Ec' phenotype (in case of QPCTL knockout), in order to
obtain bulk knockout populations. WT control B16F10 cells
were sorted based on morphology gating only. Next, single cells
were isolated and expanded, and approximately 50 knockout
or wild-type clones were pooled to obtain pure knockout or
wild-type populations. To generate CD47/QPCTL double KO
(dKO) cell lines, B1I6F10 QPCTL KO cell lines were transfected
with pLentiCRISPR v.2 vector encoding sgRNA targeting the
murine CD47 gene. One day after transfection, culture med-
ium was supplemented with 2 ug ml™' puromycin for at least
2 days. Single cells were isolated and expanded, and 12 clones
were pooled to obtain knockout populations. To generate
QPCTL-KO and control MC38-AMS cell lines, cells were
transduced with pLentiCRISPR v.2 vector encoding sgRNA
targeting the murine QPCTL gene or a non-targeting control
gRNA. 2 days after transduction, culture medium was supple-
mented with 2 ug ml™' puromycin for at least 4 days. Next,
single cells were isolated and expanded, and 12 knock-out or
control clones were pooled to obtain cell populations for



€2049486-10 K. BRESSER ET AL.

further use. Gene disruption was validated by sequence analy-
sis of the relevant gene locus by TIDE*® analysis and, in case of
CD47, by flow cytometry.

Tumor challenge. To analyze the effect of QPCTL defi-
ciency in both host and tumor cells or in host cells only, 8- to
25-week-old male and female QPCTL™~ or wild-type
QPCTL"" littermate controls were injected with 2 x 10° of
the indicated B16F10 tumor cell line in a 100 pL solution of
PBS (Lonza) and Matrigel (Corning) (1:1) in the right flank on
day 0. To analyze the effect of tumor cell CD47 deficiency or
CD47 and QPCTL-double deficiency, 9-12-week-old C57/
BI6JR (female; Janvier) were injected with 2 x 10° of the
indicated B16F10 tumor cell line. To analyze the effect of
QPCTL deficiency in both host and tumor cells in MC38-
AMS tumors, 8-25-week-old QPCTL™~ or wild-type
QPCTL"" littermate controls were injected with 5 x 10° of
the indicated MC38-AMS tumor cell line. Tumors were mea-
sured 3 times a week, and mice were sacrificed 13-17 days
(B16F10 tumors) or 21-29 days (MC38 tumors) after tumor
challenge. Mice with a tumor volume equal or below 40 mm”
were excluded and tumors used for subsequent flow cytometry
analyses ranged from 75 to 1436 mm’ (B16F10 tumors) or
112.5-786.5 mm® (MC38 tumors).

TME single-cell preparation. Tumors were fragmented on
ice and were subsequently digested in DMEM (10 ml per
tumor) supplemented with collagenase IV (2 mg ml™', Sigma
Aldrich) and DNase I (50 pg ml™, Sigma Aldrich) for 30 min at
37°C. Subsequently, 40 ml DMEM supplemented with 8% FCS
was added per tumor, and cell suspensions were passed
through 100 pum strainers. Next, samples were incubated for
5 minutes in erythrocyte-lysis buffer (0.15 M NH,CI, 10 mM
KHCO3, 0.1 mM EDTA, pH 7.4), and washed once in staining
buffer (0.5% BSA in PBS). Tumor single-cell suspensions were
then counted and used for antibody staining.

Flow cytometry. Cell surface CD47 was assessed by staining
of blood immune cells with the anti-mouse CD47 antibody
MIAP301 at a dilution of 1:100 or 1:200 plus His-tagged
recombinant mouse SIRPa (rmSIRPa-His) (4, 12, or 36 ug
ml™), in PBS containing 0.5% (w/v) BSA (Sigma) and 0.2%
(w/v) sodium azide (Sigma) (FACS buffer) for 30 min at room
temperature, protected from light. After two washes with FACS
buffer, cells were stained with a fluorochrome-labeled anti-His
antibody at a dilution of 1:100 or 1:200 for 30 min at 4°C in
FACS buffer, while protected from light. Cells were then
washed with FACS buffer, and DAPI, propidium iodide, or
7-AAD Viability Staining Solution (eBioscience) was added to
allow dead cell exclusion. Antibodies used to analyze immune
cells in tumor single-cell suspensions are listed in
Supplementary Table 3. Measurements were performed on
an LSRII, LSRFortessa, or FACSCanto II (BD Biosciences).
Data were analyzed using FACS Diva software (BD
Biosciences) and FlowJo software.

Unbiased flow cytometry data analysis. Samples were pre-
processed using FlowJo software, compensating for spectral
overlap, selecting IR-Dye CD45" single cells and removing
outlier cells. Further analysis was performed in R, implement-
ing the FlowCore package.*” Samples were subsampled to
obtain 10,000 or 30,000 total cells for spleen or tumor analysis,
respectively. Next, a logicle (biexponential) transformation was

applied to the measured fluorescence intensities. Uniform
Manifold Approximation and Projection (UMAP) was used
for dimension reduction, and subsequently used for hierarch-
ical clustering by Euclidean distance (Ward’s method). Relative
contributions of cells derived from QPCTL™~ and QPCTL"*
samples to each of the clusters was then assessed.

IFNy and TGF- sensitivity of B16F10 cell lines. For IFNy
sensitivity testing, QPCTL-WT or QPCTL-KO cell lines were
seeded on 6-well plates at 50,000 cells per well, incubated at
37°C for 3 hours to allow cells to adhere, and subsequently
treated with indicated amounts of IFN ¥ (Mouse IFN-gamma
Recombinant Protein, ThermoFisher Scientific) for 21 hours.
Cells were then harvested with trypsin-EDTA (Gibco), washed
twice with PBS, and examined either through flow-cytometry
or western blotting. For TGF-p sensitivity testing, QPCTL-WT
or QPCTL-KO cell lines were seeded on 6-well plates at 50,000
cells per well and incubated at 37°C for 16 hours. Next, cells
were pre-incubated at 37°C for 4 hours in culture medium
containing 0.2% FCS, and subsequently incubated at 37°C
with indicated quantities of recombinant mouse TGF-f1 pro-
tein (R&D systems) for 1 hour at in culture medium containing
0.2% FCS. Cells were then harvested with trypsin-EDTA
(Gibco), washed twice with PBS, and examined through wes-
tern blotting. For flow-cytometry cells were stained with anti-
PD-L1-BV421 and anti-H2-K°-PE (both 1:100 dilution, see
Supplementary Table 3) for 15 minutes at room temperature,
washed twice with FACS buffer, and analyzed on an LSR
Fortessa (BD Biosciences). For western blot analyses, cells
were incubated on ice for 30 minutes in 200 ul RIPA buffer
(1% Triton X100, 0.1% Sodium deoxycholate, 0.1% SDS, 1 mM
EDTA, 10 mM Tris pH 8, 140 mM NaCl) supplemented with
Halt™ Protease and Phosphatase Inhibitor Cocktail
(ThermoFisher Scientific), followed by pulse mixing on a
Vortex Genie (Scientific Industries). Lysates were then centri-
fuged at 20,000x g for 20 minutes at 4°C and protein concen-
trations in the resulting supernatants were determined using
Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific)
according to manufacturer’s protocol. Next, equal amounts of
protein were processed using the Novex NuPAGE
Electrophoresis system (Thermo Fisher Scientific) and Trans-
Blot Turbo Transfer system (Bio-Rad) according to the manu-
facturers’ instructions. Membranes were blocked using
Western Blocking Reagent (Roche) for 1 hours, and subse-
quently stained overnight at 4°C with indicated primary anti-
bodies diluted in Western Blocking Reagent (see
Supplementary Table 3 for antibody information) followed
by 2 hours at 4°C with either anti-rabbit or anti-mouse sec-
ondary antibodies conjugated to HRP (see Supplementary
Table 3 for antibody information). Western blots were imaged
using the ChemiDoc MP Imaging System (Bio-Rad).

RNA sequencing. RNA was extracted from the indicated
frozen tissues using the RNeasy Mini Kit (Qiagen). Cell popu-
lations isolated by FACS were washed once in PBS, and subse-
quently lysed in RLT buffer (Qiagen). Whole-transcriptome
sequencing samples were prepared with the TruSeq Stranded
mRNA Kit (Illumina). Paired-end 50 bp sequencing was per-
formed on a NovaSeq 6000 system (S1 flowcell, Illumina),
obtaining an average of 18 x 10° reads per sample. Reads
were aligned to the pre-built GRCm38 genome_snp_tran



reference using HISAT2,” and transcript counts were obtained
using an in-house generated pipeline (GenSum, https://github.
com/NKI-GCF/gensum). Differential gene expression analysis
was performed using the edgeR package.”’ Network analysis
was performed using the stringDB database, applying the
igraph package for visualization.

Single-cell RNA sequencing analyses. Single-cell digests of
QPCTL ™~ and QPCTL"™* TMEs were generated as outlined
above. Cells were stained with IR-Dye for dead cell exclusion
and with anti-mouse TotalSeq™ Hashtag antibodies (TotalSeq-
A0301-06, Biolegend), pooled in equal numbers, and were
single-cell sorted on a BD Fusion cell sorter. Single-cell RNA
isolation and library preparation was performed according to
the manufacturer’s protocol of the 10X Genomics Chromium™
Single Cell 3’ kit, and the cDNA library was sequenced on the
NextSeq'™550 Sequencing System (Illumina). A total of
~3.7x10° reads resulted in the detection of 14,888 cells with a
median of 3,344 detected genes per cell. Feature-barcode
matrices were generated using the Cell Ranger software of the
10X Genomics Chromium™ pipeline. Further processing was
subsequently performed using the MetaCell'® and Seurat R
packages.” Cells that contained less than 500 UMIs or had a
mitochondrial transcript fraction of >0.2 were removed. Next,
variable genes across the dataset were identified with a normal-
ized variance/mean threshold at 0.1 and a down-sampled cov-
erage threshold at 80, yielding 1,021 genes. These genes were
subsequently used as anchors to search for gene-gene correla-
tions across the dataset, and genes with correlations of >0.1
were included. The obtained genes were then clustered into 50
separate gene-modules, and each was annotated manually
(Supplementary Table 4).

To identify the major cell types, a feature-gene list was
compiled of gene-modules that contained marker genes for
various cell types (modules 10, 17, 19, 21, 24, 26, 29, 30, 33,
39, 40, 44, 47, 48, 49; Supplementary Table 3), and these
feature-genes were used to generate MetaCells. The obtained
MetaCells were then classified as either immune cells, fibro-
blasts, or tumor cells, as shown in Supplementary figure 6.
MetaCells that contained significant expression of marker
genes from multiple cell types were identified as ‘doublet
MetaCells’, and excluded from further analysis.

Subsequent analysis was performed within each individual
cell type. In brief, doublet detection was performed using the
HTOdemux function of Seurat, setting the positive quantile at
0.99. Cells containing either a high amount of UMIs (UMI-
thresholds: Immune [10,000], fibroblast [11,000], tumor cell
[30,000]) or gene-counts (gene-count-thresholds: Immune
[3,000], fibroblast [4,000], tumor cell [5,700]) were considered
doublets and excluded. Feature genes used for cell type-specific
MetaCell generation were obtained using the mcell_gset_fil-
ter_varmean and mcell_gset_filter_cov functions implemented
in the Metacell package. These features genes were filtered for
genes involved in cell cycle (gene-module 7 and 20) and ribo-
somal proteins (gene-module 2).

For all plots showing normalized UMI counts, a center log
ratio normalization was applied, as implemented in the Seurat
package.” To calculate sample fractions within MetaCells, cell
counts were first normalized to 10,000 cells within each sam-
ple-hashtag to allow comparisons.
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Pseudotime analysis was performed using the Slingshot
algorithm.> Gene-level general additive models were fitted to
feature-genes used for MetaCell generation applying the
fitGAM function from the TradeSeq R package,’ setting
knots at 5. Only genes that associated significantly (adjusted
P value < .05) with pseudotime were used in subsequent ana-
lysis. Genes were then clustered based on expression kinetics
across pseudotime based on Euclidean distance
(Supplementary Table 5). To assess sample composition
across pseudotime, the three replicates from QPCTL™™ or
QPCTL"" TMEs were analyzed together. To allow pooling of
replicates, cell counts were normalized to the total number of
cell counts within each sample. Normalized cell counts were
then tallied within windows of 60 cell-codes wide, sliding 1
cell-code per frame. Differential gene expression analysis was
performed using the FindMarkers function implemented in
Seurat. Wilcoxon Rank Sum test was used to obtain log2 fold
changes.

For comparison of Immune MetaCell 1-3 to the external
monocyte/macrophage cell clusters, the scRNAseq dataset
from Gubin et al’®> was retrieved from the Gene
Expression Omnibus (GSE119352). The external data was
subsequently filtered for monocyte/macrophage cell clusters
(Mac_s1-5), and normalized through centered log-ratio
transformation. Differentially expressed genes within each
cluster was then determined by comparing each cluster to
all others applying Wilcoxon Rank Sum test (FindAllMarks
function, Seurat R package). Twenty-five marker genes were
then selected for each MetaCell, defined as the 25 most
enriched genes within that MetaCell. Each of these gene-
sets was then used to compute a similarity score with each
of the Mac_s clusters. Each similarity score was calculated by
filtering the Wilcoxon Rank Sum test results of a given
Mac_s cluster for a marker gene-set, followed by a weighted
sampling of the log2 transformed fold change values (sam-
pling 10,000 times, with replacement, weighted by the
MetaCell gene-enrichment value), and finally averaging
(median) the obtained values.

Anti-PD-L1 checkpoint blockade. 8- to 25-week-old male
and female QPCTL ™" or wild-type QPCTL"'* littermate con-
trols were injected with 2x10° QPCTL-KO or QPCTL-WT
B16F10 cells, respectively, in a 100 pL solution of PBS
(Lonza) and Matrigel (Corning) (1:1) in the right flank on
day 0. At day 7 post-inoculation mice were randomized into
treatment and control groups, stratified by QPCTL status and
sex. Mice in the treatment group received intra-peritoneal
injections of 200 pg InVivoPlus anti-mouse PD-L1 (clone
10F.9G2, BioXcell) at day 7, 9 and 11 post tumor inoculation.
Mice in the control group received intra-peritoneal injections
of 200 pg InVivoPlus rat anti-keyhole limpet hemocyanin
(IgG2Db isotype control, clone LTF-2, BioXcell) at day 7, 9 and
11 post tumor inoculation. Tumor sizes were measured every
2-3 days. Tumor growth and survival was monitored until
humane end-point (1500 m> tumor size) was reached.

Pathology. For histopathological analyses, 2 pum-thick
hematoxylin-eosin-stained sections were prepared from for-
malin-fixed, paraffin-embedded murine tissues, including
skin, spleen, thymus, lymph nodes, liver, pancreas, gastroin-
testinal tract, heart, lung, kidneys, testes, ovaries, accessory sex
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glands, bone marrow (sternum and extremity), and muscles.
Sections were evaluated and scored by an animal pathologist
blinded to animal genotype.

Statistical analysis. All statistical analyses were performed
either with R (V4.0.5, ‘Shake and Throw’) or Graphpad
(V8.4.1, Prism software). All statistical test were two-sided,
unless otherwise indicated. Differences were considered sta-
tistically significant if P < .05. The n values used to calculate
statistics, the type of replicates and the relevant significant P
values are noted in the figure legends.

Ethical compliance. All animal experiments were
approved by the Animal Welfare Committee of the
Netherlands Cancer Institute (NKI), in accordance with
national guidelines. Animals were maintained in the animal
department of the NKI, housed in individually ventilated
cage systems under specific-pathogen-free conditions, and
received food and water freely. Mice were used at 8-
25 weeks of age.
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