engage the PD-1 “checkpoint” receptor
on T cells, inhibiting their antitumor im-
mune functions.®

Nevertheless, in cHL, the precise mech-
anism for PD-1-mediated immune eva-
sion has proved to be more complex than
simply “releasing the brakes” on PD-1-
expressing CD8" T cells as it is in some
other cancers, because HRS cells usually
lack the B2-microglobulin and class |
major histocompatibility complex (MHC)
expression required for direct cytotox-
icity by CD8* T cells.® Rather, recent
studies point to CD4* T cells having a
critical role in cHL tumor immunity. These
observations include that HRS cell ex-
pression of B2-microglobulin and class |
MHC fails to correlate with outcomes
in relapsed/refractory cHL treated with
PD-1 blockade,” the retained high-level
expression of MHC class Il expression on
HRS cells,” and the topological arrange-
ment of PD-1+, CD4* T cells interacting
with PD-L1* HRS cells in situ.®

However, the precise phenotype(s) of
T cells infiltrating cHL and their roles as
effectors have been incompletely char-
acterized. To catalog the breadth of tumor-
infiltrating lymphocytes in cHL, Cader and
colleagues used the powerful technique
of time-of-flight mass cytometry (CyTOF),
which permits simultaneous detection of
dozens of cell markers using antibodies
conjugated to heavy metal ions.” Their
panel of 39 antibody reagents was able to
quantitate, at the single-cell level, HRS cells
and associated inflammatory and immune
cells, including CD4* and CD8* T-cell sub-
sets, B cells, natural killer cells, and macro-
phages. Cellular infiltrates from 7 primary
cHLs were compared with 10 reactive
lymph nodes or tonsils.

In contrast to the normal lymphoid tis-
sues, cHL had markedly expanded pop-
ulations of Th1-polarized Treg cells and
more differentiated CD4" Th1-polarized
effector cell populations, including
"effector memory” (Th1 EM; CCR7-
CD45RO") and terminally differentiated
effector memory cells (TEMRA; CCR7-
CD45RO~ CD45RA"). Although direct
T-cell function is not demonstrated in this
study, it is rather inferred by the precise
surface immunophenotypes identified
with the CyTOF analysis. CD4* T-effector
memory (TEM) cells, and in particular
the subset that reexpresses CD45RA
after antigenic stimulation (CD4 TEMRA),
are implicated in protective immunity

against viruses and tumors.’® Further-
more, the TEMRA population can be
highly enriched for CD4 cytotoxic
T lymphocytes, which can exhibit gran-
zyme B-mediated tumor cytotoxicity in a
class Il MHC-restricted manner.'® These
latter CD4* TEM and TEMRA cells express
significant amounts of PD-1, suggesting
that they play an important effector role
during PD-1 blockade therapy (see
figure), during which the inhibitory ef-
fects of PD-1 ligation are lifted, po-
tentially tipping the balance back in
favor of tumor immunity.

Thus, these new data help to further il-
luminate specific perturbations in the cHL
immunologic “neighborhood,” and how
immunotherapy for this disease might
be further improved. For instance, the
demonstrated pathologic expansion of
Th1-polarized Treg cells may suggest
that inhibition or depletion of Treg cells
might further shift the balance in favor of
tumor immunity in cHL. Additional phe-
notypic or functional in vitro studies of
cHL T-cell-HRS cell interactions may also
identify other targetable pathways for
boosting the effectiveness of immuno-
therapy against this lymphoma.
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THROMBOSIS AND HEMOSTASIS

Comment on Popescu et al, page 849

Pathogen-induced

CcOa

ation: a new angle?

Craig N. Jenne | University of Calgary

In this issue of Blood, Popescu et al report that anthrax-derived peptidoglycan

(PGN) interacts with and supports the activation of coagulation proteins,

drives tissue factor (TF) expression, and contributes to systemic disseminated

intravascular coagulation (DIC)."

Prosescu et al provide clear evidence that
PGN directly associates with factor XII
(FXII) and prekallikrein, key components of
the contact-dependent clotting pathway.

Further, this binding appears to en-
hance the activity of FXlla and kallikrein
and protects FXlla from inhibition by anti-
thrombin. Interestingly, PGN also induced
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Interactions between pathogens, the immune system, and coagulation are multifaceted and overlapping.
|deally, pathogens and pathogen-derived molecules activate coagulation factors and platelets resulting in the
enhancement of the host immune response and the generation of localized thrombi that limit pathogen
dissemination. These responses, however, also have the capacity to trigger disseminated coagulopathies and
the generation of biofilms, complex structures that shield the pathogen from the immune system, promote
bacterial adhesion, and support the persistence of infection. Importantly, these pathways do not exist in
isolation, activation of the immune response can further drive coagulation, and events such as thrombin
generation can further potentiate the inflammatory response. CR, complement receptor; FCR, Fcreceptor; NET,

neutrophil extracellular trap.

de novo TF expression by human mono-
cytes in vitro, and by nonhuman pri-
mate (NHP) monocytes in vivo, resulting
in a parallel activation of the extrinsic
clotting pathway. PGN activation of the
contact-dependent and the extrinsic clot-
ting pathways resulted in the activation of
platelets, the generation of a consumptive
coagulopathy, thrombosis, increased vas-
cular permeability, and multiple organ
failure in NHP. This work clearly demon-
strates the ability of pathogen-derived
molecules (PGN) to directly interact with
and modulate the activation of coagu-
lation factors, independent of their in-
teractions with the innate or adaptive
immune systems (ie, complement, anti-
body opsonization, Toll-like receptors
[TLRs]), and highlights the intimate and
overlapping activities of inflammation,
immunity, and coagulation.

Importantly, this work involves the study
of NHPs, and these findings perhaps best
represent the situation in human patients
during gram-positive bacteremia and
sepsis. Previous studies in rodent models
have highlighted key differences present
between mice and humans with regard to

studying infection-induced coagulation,
including differential expression of protease-
activated receptors? on rodent and human
platelets and endothelium, the presence
of FcyRlla on human platelets but not
mouse platelets,® and significant differ-
ences in the cytokine response to both
pathogen-derived molecules and to ac-
tual infection. In the current study, the use
of NHPs provides convincing evidence
that pathogens directly interact with and
regulate the activation of the host co-
agulation response.

The current study by Popescu et al
continues to build on, and add to our
understanding of the interrelationship
between infection, inflammation, and
coagulation (see figure). It has been
known for some time that pathogens
(and pathogen-derived molecules) are
able to stimulate the immune system
through pattern-recognition receptors
(PRRs) such as the TLRs,* through com-
plement receptors and even through
direct interaction with molecules such as
integrins,® leading to the initiation of
inflammation and the downstream initi-
ation of coagulation.®> Additionally, it has
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been previously shown that toxins from
coagulase-positive bacteria are able to
directly initiate thrombin activation and
fibrin generation.® Popescu et al add to
our understanding by showing that a
single bacteria-derived molecule, PGN,
is able to directly interact with multiple
components of the contact-dependent
coagulation pathway, protect FXlla from
inhibition by antithrombin, and induce
the generation of TF, the key initiator of
the extrinsic coagulation pathway. In-
terestingly, this work nicely parallels
other emerging research that demon-
strates the ability of a toxin molecules
released by Staphylococcus aureus to
directly activate platelets, again leading
to platelet aggregation and subsequent
tissue damage’ suggesting a common
theme of direct activation of coagula-
tion, independent of inflammation, by
bacterial pathogens.

Though the interactions between infec-
tion, immunity, and coagulation are be-
coming more clear, it remains to be
determined if activation of coagulation is
a benefit or a detriment to the host. That
is, did the coagulation system evolve a
way to detect pathogens to in an effort to
augment immunity, or did the pathogen
evolve a strategy to activate clotting to
drive pathogenesis?

When contemplating this question, it is
important to note that the vertebrate
coagulation system we recognize today
has its origins in the innate immune re-
sponse of invertebrates.® This early innate
immunity focused on the “coagulation” of
hemolymph to trap invasive pathogens
and to limit bacterial dissemination. In-
terestingly, the key cells involved in co-
agulation of hemolymph are hemocytes,
a primordial hybrid between neutrophils
and platelets, further attesting to the
immune-based roots of the vertebrate
hemostatic system. Even today, mam-
malian platelets retain key immune
functions including pathogen detection,
cytokine production, and the ability to
regulate the activation of other immune
cells. Studies examining coagulation in
the host response to bacterial infection
have identified both proresolution and
pathogenic roles. Activation of thrombin
generates molecules that regulate the
host antimicrobial response and support
the formation of local thrombi that limit
bacterial dissemination.? In contrast, gen-
eration of fibrin contributes to the de-
velopment of bacterial biofilms, sheltering
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the pathogen from the immune system
and leading to the persistence of in-
fection.'® Additionally, pathogen-induced
coagulation results in microvascular oc-
clusion, tissue damage, and subsequent
organ failure,® exacerbating the path-
ogenesis of the infection. Whether co-
agulation is “good” or “"bad” in a given
patient is most probably dependent
on the specific situation. Localized,
limited thrombin and fibrin generation
is likely to support the host immune
response and to enhance pathogen
clearance, whereas uncontrolled, sys-
temic coagulation will result in elevated
tissue pathogenesis and worsen patient
outcomes.

This multifaceted interaction and inter-
play between pathogen and the host
clotting response highlights the difficulties
in treating infection-associated coagulop-
athies. In any given infection, multiple
redundant and overlapping pathways are
activated leading to the generation of
intravascular thrombi, tissue damage, and
organ failure.® Therapies that target a
single pathway involved in infection-
induced coagulation often fail to improve
patient outcomes. Moreover, therapies
targeting the terminal generation of throm-
bin fail to differentiate between coagulop-
athy and hemostasis, often leading to
bleeding events and again resulting in
poor patient outcomes. Understanding
these multiple interactions between
pathogen, inflammation, and coagula-
tion is critical to the development of
effective therapeutic strategies for the
treatment of infection-associated DICs.
Ultimately, a successful therapy should
be able to uncouple infection-induced
clotting from normal hemostasis, protect-
ing the patient from DIC while preserving
the ability to respond appropriately to
surgery or traumatic injury. As our un-
derstanding of the processes involved im-
proves, so does our ability to treat these
patients.
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Comment on Roberts et al, page 861

(Genomic precision
medicine: on the TRK

Sarah Elitzur and Shai Izraeli | Schneider Children’s Medical Center of Israel

In this issue of Blood, Roberts et al describe a preclinical mouse model of
acute lymphoblastic leukemia (ALL) caused by the ETV6-NTRK3 fusion gene.’

The mouse leukemias were highly sen-
sitive to the specific tropomyosin re-
ceptor kinase (TRK) inhibitor that has
recently demonstrated significant clinical
efficacy in treatment of pediatric and
adult solid tumors with NTRK fusions.??

Philadelphia chromosome (Ph)-like ALLs
are high-risk leukemias characterized by a
similar gene expression to that of BCR-
ABL1-positive ALLs.** They are caused
by somatic genomic events activating
the JAK-STAT or ABL signaling pathways.
Clinical trials testing the efficacy of adding
JAK or ABL tyrosine kinase inhibitors to
chemotherapy are ongoing (eg, www.
clinicaltrials.gov, #NCT01164163). Among
the rearrangements identified in Ph-like
AlLLs, isolated cases with ETV6-NTRK3
have been reported.*’

Originally discovered in infantile fibro-
sarcoma,® the ETV6-NTRK3 fusion gene
is detected in multiple types of tumors
(see figure). The NTRK1-3 genes encode
the TRK family of tyrosine kinase recep-
tors that are important for neural devel-
opment. Other fusion translocations

involving any of the TRK receptors are
also rarely detected in many solid tumors
and cause constitutive activation of the
kinase domain and oncogenic transforma-
tion. Recent RNA sequencing uncovered
NTRK fusionsin 8 of 7311 hematological
malignancies including acute myeloid
and lymphoid leukemias, histiocytic and
dendritic cell neoplasms, and multiple
myeloma.” Thus, oncogenic NTRK fu-
sions are identified in many types of
cancers.

The traditional classification of tumors is
based on histology and tissue of origin.
Because of the remarkable progress in
genomic characterization of tumors, a
complementary molecular classification
of cancer based on causative somatic ge-
netic events has been suggested. Pre-
cision medicine drugs target the products
of these genetic events regardless of tu-
mor histology. A novel specific inhibitor of
all TRK proteins, larotrectinib, has recently
shown durable responses in the majority
of pediatric and adult patients with TRK
fusion positive solid tumors of diverse
types.?? Treatment with larotrectinib has
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