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An attractive, but as yet generally unrealized, approach to cancer
therapy concerns discovering agents that change the state of
differentiation of the cancer cells. Recently, we discovered a phenom-
enon that we call “receptor pleiotropism” in which agonist antibodies
against known receptors induce cell fates that are very different from
those induced by the natural agonist to the same receptor. Here, we
show that one can take advantage of this phenomenon to convert
acute myeloblastic leukemic cells into natural killer cells. Upon induc-
tion with the antibody, these leukemic cells enter into a differentia-
tion cascade in which as many as 80% of the starting leukemic cells
can be differentiated. The antibody-induced killer cells make large
amounts of perforin, IFN-y, and granzyme B and attack and kill other
members of the leukemic cell population. Importantly, induction of
killer cells is confined to transformed cells, in that normal bone mar-
row cells are not induced to form killer cells. Thus, it seems possible to
use agonist antibodies to change the differentiation state of cancer
cells into those that attack and kill other members of the malignant
clone from which they originate.

agonist antibody | natural killer cell | differentiation |
combinatorial antibody libraries

Ithough adoptive cell transfer has long been an important
method in experimental immunology, it only recently has
entered clinical practice for the purpose of killing cancer cells
(1, 2). In the most popular iteration, T cells harvested from
patients are engineered to express single-chain antibodies to
tumor antigens on their surface, in a format in which the anti-
bodies are also linked to T-cell receptor (TCR) signal trans-
duction domains. This cellular engineering endows the cells with
the ability to bind specifically to tumors and to be activated upon
binding. These cells, that now bear chimeric tumor antigen re-
ceptors, therefor are referred to as “chimeric antigen receptor T”
(CAR-T) cells. At the site of the tumor, the CAR-T cells initiate a
cytotoxic cascade that leads to the killing of the malignant cells (1, 2).
As an alternative process, one might consider taking advan-
tage of the fact that some cells of the immune system, such as
natural killer (NK) cells, already have an innate specificity for
cells whose surface is altered because they are malignant or in-
fected (3-5). Indeed, there is a growing consensus that the use of
NK cells in immunotherapy is, at present, underappreciated (5).
To make the possibility of using NK cells in immunotherapy a
reality, it would be helpful if agonists could be discovered that
both induce and activate them. In terms of potency, specificity,
and half-life, such agonists should go beyond the less specific
cytokines such as IL-2 and IL-15 that already are known to ac-
tivate NK cells but can have profound systemic side effects (5, 6).
At a minimum, the induction in vivo of already innately targeted
NK cells would reduce the complicated therapeutic work flow
inherent in the adoptive transfer process and potentially could
give the clinician more control over the therapy.
The recent discovery of many agonist antibodies that govern
cell fates has opened the way to induce selectively a large variety
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of specific cells of the immune system from normal or malignant
bone marrow (BM) or blood (7-13). Sometimes these agonist
antibodies induce cell differentiation along lineages expected
from the known function of the receptor to which they bind.
In other cases, however, they activate differentiation or trans-
differentiation pathways that are different from those expected
from the nature of the receptor with which they interact (7). For
example, the known function of the granulocyte-colony stimu-
lating factor receptor is to activate a pathway leading to gran-
ulocyte formation after binding to its natural agonist, granulocyte-
colony stimulating factor. However, when some rare antibodies,
which were found by autocrine selection from antibody libraries,
bind to this same receptor, neural cells, instead of granulocytes, are
formed efficiently (7). We call this phenomenon “receptor pleio-
tropism,” and we have identified several examples (13). Receptor
pleiotropism may relate to the plasticity of fate conversion of he-
matopoietic cells (14, 15). Here, we report on a rare antibody
against the thrombopoietin receptor (TPOR), again obtained by
autocrine-based selection, that efficiently transforms malignant
acute myeloblastic leukemia (AML) cells into highly activated NK
cells. This highly specific antibody has an ECsy of 5 pM (that of
TPO is 70 pM) and shows no activity in cells in which the TPOR is
knocked out (12). The induced AML cells have extensive filopodia
at their surface and express the CD11c¢ dendritic cell marker. These
induced cells synthesize large amounts of perforin, granzyme B,
and IFN-y that, as molecules involved in the mechanism of killing,
are markers of NK cells. From a therapeutic standpoint, the ability
to induce activated NK cells at will is arguably the most important
example of receptor pleiotropism observed to date, in that the
ability to induce activated NK cells from the readily accessible
peripheral blood (PB) and BM cellular compartments may open
new routes to cancer therapy that are much simpler than those in
use today. We refer to this agonist antibody as “Fratricidin” in
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keeping with its ability to initiate the process of fratricide in a clone
of tumor cells. If other small molecules or proteins with similar
effects could be found, they could be referred to as “Fratricidins.”

Selection of Antibody Agonists

Because signal transduction pathways, especially for cytokines,
are degenerate, we tested whether our panel of agonist anti-
bodies with their different modes of binding to cell surfaces
could induce stem cell-like AML cells to differentiate into al-
ternative phenotypes. We studied BM or PB samples from seven
patients for whom the differentiation status of their AML
according to the French-American-British (FAB) cooperative
group was known (16). Six were classified as M1 (minimal mat-
uration), and the other was classified as M5 (acute monocytic
leukemia). The one patient with M5 differentiated cells had been
treated with Ara-C for 4 mo before collection of cells; the other
six patients were untreated. Samples of leukemic cells obtained
by BM aspiration or from PB were purchased from the AllCells
corporation.

Initially, the leukemic cells from the BM of an 83-y-old white
female who had progressed from myelodysplastic syndrome to
frank AML were studied in the greatest detail because they
were the most stem cell-like (M1) (16). A BM smear and FACS
analysis showed that her BM was almost totally replaced by
AML cells (greater than 93%) with a myeloid-to-erythroid ratio
greater than 10:1. The myeloid cells had round or slightly
indented nuclei and were of normal female karyotype. According
to FACS analysis, the CD34*/CD13%/CD33" population of cells
represented 2.4% of the BM, and the CD34%/CD38" cell pop-
ulation represented 2.02%. Based on the morphology and the
cell-surface phenotype, the leukemic cells were classified as M1
subtype (16).

The effect of one of the 20 agonist antibodies on this sentinel
patient’s AML cells was the most interesting. This agonist anti-
body, which is highly specific for the TPOR, induced the TPO

lineage in normal BM cells but induced a dendritic cell pheno-
type in AML cells (Fig. S14).

Because of the immediate therapeutic potential of an antibody
that induces a dendritic cell-like phenotype from AML cells, we
studied it in more detail. In the initial phase of antibody in-
duction, the target AML cells attached to the dish and expressed
the dendritic cell marker CD11c (Fig. 1 B-H). Virtually no cells
attached in the absence of antibody (Fig. 14). Differentiation
began on day 2 and appeared to be complete by day 4, at which
time about 80% of the cells were converted. Because about 93%
of the test cells were leukemic and about 80% of them were
converted, it was obvious that the AML population was the
source of the converted cells. This agonist antibody also was able
to induce the formation of similar dendritic-like cells in five of
the six other AML patients, including the one classified as M5,
when their BM or PB was studied, indicating that the induction
of the dendritic cell-like phenotype with this antibody may be
generalizable to a majority of AML patients. Thus, we have an
agonist antibody to the TPOR that displays receptor pleiotrop-
ism in that it induces the contrasting phenotypes of dendritic
cell-like cells when AML cells are the starting population and
megakaryocytes from normal BM cells.

A Killer Cell Phenotype

In the course of the many experiments that we carried out we
noticed that the induced cells could have an early or late phe-
notype, depending on the time in culture and, to some extent,
on whether the culture dishes were coated with collagen. When
grown for short periods of time on collagen-coated dishes,
the induced cells are rounded and have extensive, needle-like
filopodia (Fig. 2 A-C). Furthermore, many cells appeared to
penetrate other cells with these needle-like projections in a
process that was followed by blebbing at the cell surface of the
receiving cells (Fig. 1B, red arrow). Because these morphologies
are similar to those classically associated with the killer cells of
the immune system, we wondered whether the induced cells

Fig. 1. Antibody-induced differentiation of AML BM cells. (A and B) Images of AML BM cells after treatment with PBS or antibody (10 pg/mL) for 4 d by
microscopy. The arrow in B shows cell blebbing after a cell has been penetrated by filopodia from an antibody-induced differentiated cell. (C-£) Magnified
images of fully differentiated cells in B. (F) Fluorescent microscopy images of the differentiated cells stained for CD11c (red). Nuclei were stained by Hoechst

33342 (blue). (G and H) Enlarged images of the CD11c" differentiated cells.
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Fig. 2. The immunocytochemistry of differentiated AML cells. Nuclei were stained by Hoechst 33342 (blue). F-actin is labeled by rhodamine-phalloidin (red). (A-
C) Early-stage differentiated cells visualized by confocal microscopy. The differentiated cells were stained for perforin (A), IFN-y (B), or granzyme B (C). (D-F) Late-
stage differentiated cells stained as in A-C, respectively. The white arrow in D points to a target cell nucleus from which cytoplasm has been stripped.

synthesize molecules such as perforin, IFN-y, and granzyme B,
proteins that are classically associated with cells that have the
ability to kill other cells. Indeed, the induced cells produce large
amounts of perforin, IFN-y, and granzyme B (Fig. 2 A-C and Fig.
S2). When grown for longer periods on glass surfaces, the induced
cells display a more dendritic-like phenotype (Fig. 2 D-F and Fig.
S3). Some of the projections from the induced dendritic-like cells
appear to interact with the target cells and lyse them so that only
the nuclei remain (Fig. 2D, white arrow). To gain further insight
into the nature of the induced NK cells, we studied them by
scanning electron microscopy (Fig. 3). In addition to observing the
presence of mature cells, we were able to capture images that had
the classical morphology of immature dendritic cells (Fig. 4).
These cells often are referred to as “veiled” cells because instead of
dendrites they express folded sheet-like structures or veils at their
cell surface. Thus, we have a picture of an agonist antibody that
induces a differentiation pathway in AML cells that starts with
immature dendritic cells and proceeds through multiple stages,
ultimately ending with the generation of killer cells. Given that all
the induced leukemic cells make large amounts of molecules
known to be associated with killer cells, we will refer to them here
simply as “NK cells” (see Discussion).

NK Cell Induction Is Context Dependent

The antibody that induces killer cells was developed originally as
a TPOR agonist (12). To confirm again the activity of the anti-
body in TPOR stimulation, the antibody or TPO was incubated
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with normal BM CD34" cells. After day 4, the populations of
gigantic, round, megakaryotic cells were increased significantly
by both treatments (Fig. S14), but no changes were observed in
the untreated control group. To test whether, like the agonist
antibody, TPO is capable of inducing NK cells from AML cells,
we treated AML cells with 10 ng/mL of TPO or 10 pg/mL of
antibody and observed the morphological changes (Fig. S14).
Importantly, only the antibody triggered the differentiation of
the AML cells. To determine if the concentration of TPO simply
is not sufficient to stimulate NK cell differentiation, we tested
higher concentrations. Even at a 10-fold higher concentration
(100 ng/mL), TPO did not induce the differentiation of AML
cells into NK cells (Fig. S1 B and C). Based on these observa-
tions, it is likely that, although the two different agonists share
the same target, induction of NK cell differentiation is de-
pendent on cell context. That BM containing AML cells but not
normal BM could be induced to generate NK cells again strongly
supports the concept that AML cells are specifically induced by
the antibody to form NK cells.

Tumor Cell Killing

Based on serial qualitative observations at the level of light mi-
croscopy, the induced cells appeared to insert cytoplasmic ex-
tensions into the neighboring, noninduced AML cells and kill
them. To gain further information about the mechanism of
killing, we studied the process by scanning electron microscopy.
Multiple fine filopodia from the dendritic extensions of the killer

Yea et al.
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cells attach to the target cells (Fig. S4). Some of these filopodia
actually appear to enter the interior of the target cell through
very obvious holes that presumably are generated at the site of
attachment by molecules in these filopodia such as perforin (Fig.
3C, red arrow). Presumably perforin itself, granzyme B, and IFN-y
now access the cytoplasm of the target cells via the cytoplasmic
extensions of the killer cells that have penetrated into the target
cell interior. As observed by electron microscopy, the target cells
now contain canyon-like fractures at their surface. These images
support a killing mechanism similar to that studied in detail for
NK cells (6).

We quantitated the killing potential of the AML cells that were
induced by the antibody into NK cells. To do so, we used a FACS-
based cytotoxicity assay in which target cells in suspension that
were fluorescently labeled with calcein-AM were cocultured with
antibody-induced NK cells that were attached to the dish. The
calcein-AM-labeled target AML cells were incubated with NK
cells or control cultures for 24 h. Propidium iodide (PI) was used
to identify the dead cells. Thus, cells that both stain for calcein-
AM and are PI* represent dead target cells. The FACS analysis
showed that the induced NK cells specifically killed 13-16% the
target cells per 24 h (Fig. 5). This degree of killing occurs even
though the required format for these experiments afforded less
than the optimal potential for cellcell interaction between at-
tached killer cells and target cells in suspension. As a test of
specificity, we studied whether the induced NK cells would kill
breast cancer cells. The breast cancer cell line MDA-MB-231 was
cocultured with induced NK cells or undifferentiated AML cells as
described above. Unlike the killing seen when AML cells are the
targets, the induced NK cells did not specifically kill breast cancer
cells, indicating that the requirement for killing goes beyond
simple oncogenic transformation and may include a like-like
recognition component.

Different Signal Transduction Activation Kinetics

We analyzed the signal transduction pattern in AML cells after
treatment with several doses of agonist antibody. In a previous
study, we showed that the antibody induces rapid and strong
signal transducer and activator of transcription 3 (STAT-3),
protein kinase B (AKT), and extracellular signal-regulated ki-
nase (ERK) phosphorylation in normal CD34" hematopoietic
stem cells. Similarly, in AML cells the antibody induces efficient
STAT-3, AKT, and ERK phosphorylation (Fig. 64). We tested
the activation of phosphorylation at several time points using
either the antibody or TPO. Both the antibody and TPO acti-
vated the phosphorylation of STAT-3 and ERK with similar ki-
netics, but AKT was different. Although the antibody increased
the phosphorylation of AKT gradually, the activation of AKT
phosphorylation with TPO was immediate and biphasic (Fig. 6 B
and C). To determine the signaling pathway(s) necessary for NK
cell differentiation by antibody, AML cells were cotreated with
antibody and specific inhibitors of each signal pathway in-
dividually. Interestingly, antibody-induced NK cell differentia-
tion was blocked significantly by the inhibitors of STAT-3 or
PI3K that are upstream of AKT. However, the inhibitor of MEK
that is upstream of ERK did not affect the differentiation of
AML cells (Fig. 6 D and E). These observations suggest that two
of the three main signaling pathways of the TPOR (STAT-3 and
PI3K) are required for antibody induction of NK cell differen-
tiation from AML cells.

Quantitative Gene-Expression Analysis

To gain more quantitative information about the gene expression
that accompanies the differentiation of AML cells into NK cells
and to characterize further the nature of the induced cells,
whole-transcriptome shotgun sequencing (RNAseq) was carried
out. Untreated cells were compared with those treated with
either TPO or agonist antibody. The overall gene-expression

Fig. 3. Scanning electron microscopy analysis of NK cells interacting with a target cell. (A) A representative scanning electron microscopy image of an NK cell
interacting with an AML target cell. The NK cell was induced by treatment with antibody for 4 d. (B and C) Enlarged images of the area boxed in red in A. The
red arrow in C indicates the dendrites of the NK cell penetrating into the target cell.
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Fig. 4. Scanning electron microscopy analysis of an induced immature
dendritic cell.

profiles of the groups treated with the antibody or with TPO were
very different. The number of differently expressed transcripts was
3,506 between the untreated and antibody-treated cells versus
1,902 between the untreated and TPO-treated cells with a false-
discovery rate <0.1 and average log, (count per million) >4
(Dataset S1). The whole transcriptome gene set enrichment
analysis (GSEA) and ingenuity pathway analysis (IPA) showed
that there were large increases in gene expression for molecules
that encode genes associated with both developing and mature
NK cells, including those associated with signal transduction.
These changes include large increases in the dendritic cell
markers such as CD80, CD83, CD86, CD123, and CCR7 and
many NK markers of the death receptor pathway such as cell
death surface receptor (FAS), FAS ligand, and tumor necrosis
factor (TNF-a) (Figs. S5 and S6). The consequences of having
both dendritic and NK cell markers are interesting, in that the
IPA showed extensive crosstalk between dendritic cells and NK
cells in the gene set induced by our antibody (Fig. S6 A4 and B).
Moreover, after antibody treatment, but not in control experi-
ments, both the GSEA and IPA revealed up-regulation of mol-
ecules associated with cytotoxicity (such as perforin and
granzyme B), the IFN-y response, inflammation, and death re-
ceptor and TPOR signaling (Figs. S5 and S6). Interestingly,
many genes related to oxidative phosphorylation in mitochondria
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also were up-regulated in the antibody-treated cells compared
with untreated cells (Fig. S6G). Probably, the killer cells have
been reprogrammed to generate the large amounts of energy
needed to synthesize killing molecules and deliver them. For
instance, massive remodeling of the plasma membrane occurs in
the conversion from AML to NK cells. In toto, the RNAseq
analysis confirmed and added to the data obtained by morpho-
logical and immunocytochemical analysis.

IPA Analysis of the Mechanistic Network

Aside from understanding the initiating events and identifying ef-
fector molecules, we were interested in the mechanism of the anti-
body-induced conversion of AML cells to NK cells. This conversion
doubtless involves differential activation of signal transduction
pathways (see above). To predict a mechanistic network, we used the
Upstream Analysis feature in IPA software. Upstream Analysis is
based on prior knowledge of expected effects between transcrip-
tional regulators and their target genes collected in the Ingenuity
Knowledge Base. This database includes Expression, Transcription,
and Protein-DNA binding relationships. Activation Z-score and
Overlap P value are two statistical measures to identify and rank
significant regulators. The list of genes differentially expressed in the
untreated and antibody-treated cells with a false-discovery rate <0.1
and average log, (count per million) >4 was analyzed in IPA (~3,500
differentially expressed genes). Interestingly, the Upstream Analysis
ranked STAT1 among top five upstream transcription regulators
based on activation Z-score, and STAT3 was ranked third based
on Overlap P value. In fact, there are 98 targets of STAT1 (overlap
P value <8.58 E-20) and 153 targets of STAT3 (overlap P value
<2.02 E-24) in the list of differentially expressed genes. The mech-
anistic network derived from the STAT1 analysis includes upstream
regulators such as STAT3, V-Rel avian reticuloendotheliosis viral
oncogene homolog A (RELA), IFNG, IL1B, interferon regulatory
transcription factor (IRF1), IRF8, IRF9, JUN, MYC, NFKBI,
NFKBIA, and SPI1, which are predicted to be activated or inhibited
based on a computationally generated directional network. How-
ever, this analysis does not require that all the upstream regulators
be changed significantly. The mechanistic network derived from the
STAT?3 analysis, which shares many genes with the STAT1 network,
includes upstream regulators such as STAT1, RELA, interferon-y
(IFN-y), IL1B, IRF1, IRF7, JUN, NFKB1, NFKBIA, IL6, TNF,
NR3Cl1, and IFN-a.

From a mechanistic point of view, the presence of STAT1 and
STAT3 will allow the formation of the heterodimer that binds to
the IFN-y-activated sequence promoter element. Interestingly,
using Genomatix software (www.genomatix.de/), we also were
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Fig. 5. Cytotoxic activity of the antibody-induced differentiated cells. AML cells were labeled with calcein-AM and cocultured for 4 h at 37 °C with NK cells (A)
or undifferentiated cells (B). At the end of the incubation, dead cells were labeled with PI. The percentage of AML cell death was analyzed by a flow

cytometer.
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Fig. 6. Activation of TPOR signal transduction by antibody in AML cells. (A) After treatment with various doses of antibody or 10 ng/mL of TPO for 1 h,
the phosphorylation of STAT-3, AKT, and ERK was analyzed by Western blotting using anti-p-STAT-3, anti-p-AKT, and anti-p-ERK antibodies.
(B) TPOR signaling was tested at various times after antibody or TPO treatment. (C) The bands of AKT and p-AKT from B were analyzed quantitatively
by densitometry (Image J). (D) AML cells after treatment with PBS or antibody (10 pg/mL) for 4 d in the presence of STAT-3, PI3K, or MAPK inhibitors.
(E) The differentiated cell numbers were counted in eight arbitrarily chosen microscopic areas. Significant differences (*P < 0.05) were evaluated by

one-way ANOVA.

able to identify the VSSTAT transcription factor binding site
family as the second highest overrepresented binding site family
in the promoter regions of the top 500 up-regulated genes in the
antibody-treated cells.

Discussion

We have described an agonist antibody to a cytokine receptor,
TPOR, which efficiently induces activated NK cells from pre-
cursor leukemic cells isolated from the PB or BM of several
different AML patients. There is much evidence that the TPOR
is the identified target of the antibody as opposed to some off-
target interaction. First, there is no induction of signaling path-
ways in the indicator cells when TPOR is knocked out (12).

Yea et al.

Second, induction of NK cells is confined to AML cells, so, if
there were an off-target response, the antigen would have to be
unique to AML cells and not present in normal BM. Finally,
analysis of the activation of signal transduction pathways by
phosphorylation and RNAseq showed that the signaling pathway
components activated by the antibody were the same as those
activated by TPO.

The induced cells have both dendritic and NK cell markers.
‘When Kkiller cells with dendritic cell markers, as seen here, were
first described, they were thought to represent a unique cell type
sometimes called “killer dendritic cells” (17-20). However, cur-
rent evidence suggests they simply may be highly activated NK
cells (21). One caveat to this simplification is that, because of the
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unusual mode of induction by antibodies and the degeneracy of
signal transduction pathways, we may uncover cells with phe-
notypes that do not normally exist. Thus, the induced cells may
have a novel chimeric phenotype.

We suspect that the ability to generate enriched populations of
NK cells will assist in the next generation of cancer immunother-
apy. In the simplest case one would inject the agonist antibody into
patients in the hope that the enriched population of NK cells
would use their innate ability to recognize tumor cells and kill
them. Of course, if the innate tumor recognition potential is not
sufficiently specific and/or strong enough, a recognition element
such as an antibody expressed on the cell surface could be added.
However, if this addition becomes necessary, one loses the work-
flow advantage of a simple injection.

The ability to induce some members of an AML clone to
become NK cells that kill other members of the clone is partic-
ularly intriguing. In effect, it is likely a dynamic process at the
population level where a uniform population of cancer cells is
converted to a mixture of targets and killers. Because the cancer
cells kill one another and because, presumably, any member of
the clonal population can be converted to a killer cell within
time, the entire malignant clone should be eliminated. Thus,
assuming that an escape mechanism is not activated, any growth
of the tumor is both a problem—because there are more tumor
cells—and a solution to the problem—because there are more
substrate cells that can be converted to killer cells.

One complication concerning the eradication of tumor cells by
activating NK cells is the issue of tumor evasion from NK sur-
veillance (3, 4, 22-25). This problem is centered on the central
concept that, unlike T and B cells, NK cells do not recognize
foreign antigens but instead recognize alterations in “self” surface
molecules such as the MHC class 1 molecules. This “missing self”
hypothesis immediately points to how tumors might escape NK cell
detection by restoring molecules that are part of self-recognition
(3, 4, 22-25). Indeed, there is a host of positive and negative reg-
ulators of NK function (26). In the case of lymphomas, it has been
shown that tumor cells can escape detection in vivo but not in vitro
by down-regulation of the NKG2D receptor (3, 5, 6, 26). They
propose a two-step model of killing in which one step involves the
activation of the NK cells to produce molecules such as IFN-y and
a second cytotoxic step involves the engagement of the NKG2D
receptor. Nevertheless, there is room for optimism, because, de-
spite the possibility of escape from NK surveillance, alloreactive
NK cells derived from hematopoietic stem cell transplants in-
creased patient survival and prevented relapse in patients with
myeloid leukemia (3, 23, 27). Thus, if escape from surveillance
becomes an issue, it might be necessary to activate allogeneic cells
or endow activated autologous NK cells with tumor specificity by
expressing a tumor-specific antibody on their surface.

An important question raised by these experiments is why
some antibody agonists to known cytokine receptors cause the
target cells to differentiate along a pathway that is different from
that induced by the natural agonist. A likely explanation is that
cell differentiation and development are controlled by a combi-
natorial matrix of otherwise degenerate signal transduction fac-
tors that take into account not only the identity of the members
of the matrix but also their concentration, the relative ratio be-
tween them, and their binding energy for their targets. Once one
thinks in terms of a combinatorial matrix of molecules, several

1. Kershaw MH, Westwood JA, Darcy PK (2013) Gene-engineered T cells for cancer
therapy. Nat Rev Cancer 13(8):525-541.

. Maus MV, Grupp SA, Porter DL, June CH (2014) Antibody-modified T cells: CARs take
the front seat for hematologic malignancies. Blood 123(17):2625-2635.

3. Waldhauer |, Steinle A (2008) NK cells and cancer immunosurveillance. Oncogene

27(45):5932-5943.

4. Lanier LL (1998) NK cell receptors. Annu Rev Immunol 16:359-393.

. Childs RW, Carlsten M (2015) Therapeutic approaches to enhance natural killer cell
cytotoxicity against cancer: The force awakens. Nat Rev Drug Discov 14(7):487-498.
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consequences follow. First, one does not need a very large
number of individual molecules to regulate cell fate. Essentially,
this method is how the acquired immune system generates
massive diversity from a limited number of genes by combina-
torial association of antibody gene segments and random pairing
of heavy chains with light chains. Second, in terms of molecular
regulatory mechanisms, the differences in pathways leading to
vastly different phenotypes may actually be quite subtle and
more related than previously thought. Thus, a small change in
the activation levels of signaling molecules might suffice to
change the differentiation pathway. In terms of mechanism, a
likely possibility is that, as seen here, antibody binding induces
activation kinetics very different from those of the natural ligand.
Given that signal transduction pathways are degenerate, a nor-
mal agonist that is highly tuned by evolution to induce a precise
route of differentiation may be very different from an antibody
with picomolar to nanomolar binding affinity: the agonist may
bind longer to the receptor, leading to a more sustained signal.
These differences in binding energy ultimately may lead to the
subtle differences that send the cells along different pathways.
The differences in activation kinetics could result from differ-
ences in affinity, bivalency, altered receptor configuration, dif-
ferences in receptor internalization, or a combination of all these
factors. All these considerations concern the antibody side of the
interaction. There is, of course, the possibility of structural
polymorphism in the receptor so that different polymorphs are
present in different stem cells or in stem cells at different stages
of differentiation. Indeed, we have already shown here that the
ability to induce NK cells is context dependent, in that the TPOR
agonist antibody will induce NK cells starting with AML cells but
not with normal CD34™" cells, in which megakaryocytes are in-
duced instead. The general ability to treat AML with the induction
of NK cells depends, among other things, on the expression fre-
quency of TROR on AML cells. Takeshita et al. (28) showed in a
study of 128 patients that the TPOR was expressed in 47% of 114
AML cases, suggesting that about half of patents with AML might
respond to the agonist antibody. By contrast, the TPOR was
expressed in only 2 of 14 cases of acute lymphocytic leukemia.
Finally, the studies reported here add weight to the concept of
educating cancer cells, rather than killing them, as illustrated in
the important studies of Chen and colleagues (29, 30), who
showed that a combination of all-frans retinoic acid and arsenic
trioxide could induce a high-quality remission in acute promye-
locytic leukemia, presumably by inducing a change in the state of
differentiation of the tumor cells.

Materials and Methods

The human cell samples derived from patients and healthy individuals were
purchased from a commercial cell bank (AllCells Inc., Alameda, CA; www.
allcells.com). According to the Scripps Office for the Protection of Research
Subjects Clinical Research Services, the study is not human subjects research
and does not require oversight by the Scripps Institutional Review Board.
Generation and purification of antibodies and the methods for cell culture,
immunohistochemistry, flow cytometry, Western blotting, electron micros-
copy, and RNAseq analysis are detailed in S/ Materials and Methods.
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