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Secreted calreticulin mutants subvert anticancer immunosurveillance
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ABSTRACT
Mutations of the gene coding for calreticulin (CALR) that cause the loss of the C-terminal KDEL motif
abolish its retention in the endoplasmic reticulum and cause CALR to be secreted from cells. Specific
CALR mutants bearing a novel C-terminus can precipitate the manifestation of myeloproliferative
diseases via the autocrine activation of the thrombopoietin receptor. We recently employed the reten-
tion using selective hooks (RUSH) technology to monitor CALR trafficking and demonstrated the
secretion of C-terminally truncated variants of CALR in vitro and in vivo. Of note, extracellular CALR
inhibited the phagocytosis of dying cancer cells by dendritic cells (DC). Via this mechanism, mutant CALR
induced immunosuppression, which decreased the efficacy of immunogenic anticancer chemotherapies
and PD-1 blockade.
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Exon 9 mutations in the CALR gene affect approximately 30%
of patients with myeloproliferative neoplasms (MPNs) such as
thrombocythemia and myelofibrosis.1 These mutations typi-
cally give rise to CALR variants with a C terminus lacking the
endoplasmic reticulum (ER) retention signal KDEL but pos-
sessing novel properties resulting from a frameshifted muta-
tion that yields a different C-terminal motif.2 Ligation of the
thrombopoietin receptor (MPL) by this mutant CALR protein
leads to the activation of JAK2 and a premalignant disease
that can ultimately progress toward acute myeloid leukemia.3

We investigated the fate of mutant CALR in (pre-)malig-
nant cells employing the retention using selective hooks
(RUSH) technology which allows monitoring the trafficking
of fluorescent CALR mutants. In this approach, the protein of
interest is fused with a streptavidin-binding peptide (SBP) and
hence is sequestered by streptavidin in the endoplasmic reti-
culum until biotin is added to the system to competitively
disrupt the SBP-streptavidin interaction and to liberate the
protein of interest.4 The most common MPN-related CALR
mutations occur in exon 9 of the gene, most often as del52
and ins5 mutations, yielding C-terminally modified proteins
that lack the KDEL ER retention signal and are consequently
secreted from the cells via brefeldin A-inhibitable Golgi-
mediated exocytosis.5 Consistently, MPN patients affected by
CALR mutations exhibited increased plasma levels of CALR
as compared to age-matched controls. CALR in those patients
was also found to be bound to circulating monocytes and
lymphocytes.6

This raised the question if the excess of soluble CALR
might saturate CALR-receptor binding sites on phagocytic

cells. Indeed, we found that soluble CALR inhibits phagocy-
tosis of CALR- exposing cells.6

Excess amounts of soluble recombinant CALR protein
inhibited the phagocytosis of oxaliplatin-treated cancer cells
(which expose CALR on the surface) by bone-marrow-derived
dendritic cells (BMDCs). More importantly the in vivo uptake
of oxaliplatin-treated cancer cells by splenic dendritic cells
was inhibited by intravenously injected recombinant CALR
protein. A similar inhibition of phagocytosis was observed in
mice that contained high levels of circulating CALR due to
a genetic manipulation leading to the expression of mtCALR
(CALRdel52) in bone marrow cells. In sum, the elevated
abundance of soluble CALR inhibits phagocytosis of CALR-
exposing cells both in vitro and in vivo.6

Certain chemotherapeutic agents such as mitoxantrone
(MTX) or oxaliplatin (OXA) induce immunogenic cell death
(ICD) that is accompanied by the exposure of CALR protein
on the surface of stressed and dying cells, where it serves as an
‘eat-me’ signal for antigen presenting cells (APCs), in parti-
cular immature dendritic cells.7,8 In therapeutic settings, ICD
triggers cytotoxic T-lymphocyte-mediated adaptive anticancer
immunity against tumor associated antigens.9,10 We thus eval-
uated the effects of systemically elevated soluble CALR on
anticancer immunity in the context of ICD. To this aim, we
augmented systemic levels of soluble CALR by the intrave-
nous injection of recombinant CALR or by the reconstitution
of the hematopoietic system via bone marrow transfer from
mtCALR (CALRdel52) mice along with the subcutaneous
inoculation of MTX-treated tumor cells. The capacity of this
ICD vaccine to induce a protective immune response that
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would prevent the outgrowth of live tumor cells upon rechal-
lenge was abrogated by elevated levels of soluble CALR.
Figure 1 of note, augmented levels of soluble CALR led to
an expansion of immunosuppressive myeloid-derived sup-
pressor cells (MDSCs) in the spleen and in peripheral blood.6

Next, RUSH-controlled local release of mutant CALR
from genetically engineered cancer cells was used to exam-
ine immunosuppressive effects of CALR mutations during
immunogenic anticancer therapy. Mice bearing subcuta-
neous tumors that were expressing mutant CALR were
treated with the immunogenic chemotherapeutics MTX
or OXA in conditions in which CALR was retained by
cancer cells or released into the extracellular space upon
intraperitoneal injection of biotin. In this in vivo model,
the biotin-mediated release of CALR interfered with MTX-
and OXA-mediated tumor growth reduction, supporting
the hypothesis that soluble CALR released from malignant
cells can cause local immunosuppressive effects that abro-
gate therapeutic effects of chemotherapeutic ICD inducers.
Next, we engineered cells that carry a knockin mutation in
the CALR gene resembling the genetic alterations asso-
ciated with MPL. In contrast to wildtype cells, clones
expressing secreted CALR mutants, failed to reduce their
growth in response to treatment with MTX or OXA. Of
note, spontaneous release of CALR from gene-edited cells
in vivo also caused a systemic increase in the frequency of
MDSC.

In the following step, we identified sporadic mutations of the
CALR genes in human carcinomas. We then engineered mouse
tumor cells carrying CALR mutants including E405* and X352,
which are representative of solid-tumor-associated mutations.
Bothmutants exhibited the loss of the KDEL retention signal, yet
in contrast to MPL-associated alterations do not carry
a frameshifted C-terminus. Sarcoma and carcinoma cells bearing
E405* and X352 CALRmutants exhibited spontaneous secretion
of soluble CALR and, when implanted into immunocompetent
hosts, failed to reduce their growth in response to treatment with
MTX and OXA. Chemotherapy with MTX usually induces

T cell-dependent anticancer immunity that is associated with
an increase in the ratio of CD8+ over FOXP3+ regulatory T cells
in the tumor bed. Neoplasias expressing del52, ins5 or E405*
CALR mutants failed to exhibit such signs of anticancer immu-
nity and exhibited reduced tumor antigen uptake by dendritic
cells in vivo. Moreover, CALR protein purified from cell culture
supernatants of tumor cells expressing E405* or X352 CALR
mutants inhibited phagocytosis of dying cancer cells by imma-
ture dendritic cells.

Finally, we compared wild type tumors with tumors bear-
ing MPL-associated mutations (del52 or ins5) or mutations
found in solid tumors (wE405* or X352) with respect to their
response to immunotherapy with PD-1 blockade. All muta-
tions causing the secretion of soluble CALR protein signifi-
cantly reduced the efficacy of immune checkpoint blockade-
based immunotherapy, underlining the immunosuppressive
nature of CALR secretion.

In summary, we established chemical biology and genetic
tools that allowed to explore the trafficking of mutant forms
of CALR. The inducible release of mutant CALR in vivo
revealed its immunosuppressive functions, explaining how
CALR-secreting tumors escape from anticancer immune
responses.
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Figure 1. Immunosuppression by soluble calreticulin. Calreticulin (CALR) can be exposed on the cell surface of cells undergoing immunogenic cell death. Surface-
exposed CALR then serves as an uptake signal for dendritic cells (DC), thereby facilitating the transfer of tumor-associated antigens to DC and ultimately the priming
of cytotoxic T lymphocytes (CTL) (a). Mutations of the (CALR) gene occur in many forms of cancer and the loss of the KDEL retention signal can lead to the expression
of mutant CALR that is secreted from the cells. Extracellular CALR binds to DC and inhibits phagocytosis, presumably by saturating a specific receptor for CALR.
Through this mechanism, soluble CALR exerts immunosuppressive effects, hence subverting the effects of anticancer immunotherapy (b).
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