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A split, conditionally active mimetic of IL-2
reduces the toxicity of systemic cytokine
therapy
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The therapeutic potential of recombinant cytokines has been limited by

the severe side effects of systemic administration. We describe a strategy to
reduce the dose-limiting toxicities of monomeric cytokines by designing
two components that require colocalization for activity and that can be
independently targeted to restrict activity to cells expressing two surface
markers. We demonstrate the approach with a previously designed mimetic
of cytokines interleukin-2 and interleukin-15—Neoleukin-2/15 (Neo-2/15)—
both for trans-activating immune cells surrounding targeted tumor cells
and for cis-activating directly targeted immune cells. In trans-activation
mode, tumor antigen targeting of the two components enhanced antitumor
activity and attenuated toxicity compared with systemic treatmentin
syngeneic mouse melanoma models. In cis-activation mode, immune

cell targeting of the two components selectively expanded CD8" T cells
inasyngeneic mouse melanoma model and promoted chimeric antigen
receptor T cell activation in alymphoma xenograft model, enhancing
antitumor efficacy in both cases.

Immunostimulatory cytokines are central regulators of theimmune tomonoclonal antibodies or antibody fragments (immunocytokines)
system and have great potential as immunotherapeutic agents>.  have beendeveloped with the aim of improving efficacy and reducing
However, their clinical use has been limited by severe toxicities systemic toxicity by targeting cytokine activity*’. However, the success
resulting from systemic immune activation®’. Fusions of cytokines  ofthisapproach hasbeen limited by the broad distribution of cytokine
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receptors®’. Additional strategies to activate cytokines specifically
at tumor sites include reducing the affinity of the cytokine moiety
toimprove targeting®°, cytokine fusions to inhibitory moieties that
canbe cleaved by tumor-associated proteases' * and versions of oli-
gomeric cytokines that are activated by colocalization of monomeric
subunits' . However, for monomeric cytokines such as interleukin
(IL)-2, the design of immunotherapeutics with effective activity on
demand has remained elusive.

Human IL-2 (IL-2) is a potent pleiotropic cytokine approved for
treatment of melanoma and renal cell carcinoma’®, but its therapeutic
potentialis limited by preferential activation of CD25" cells and severe
dose-limiting toxicities associated with systemic IL-2 activity’. As a
result, IL-2hasbeen at the center of cytokine engineering efforts, lead-
ing to the development of multiple new drugs currently in preclinical
development or clinical trials>”. Like most natural proteins, IL-2 has
structural irregularities that translate into nonideal biochemical
properties, such aslow solubility and poor mutational robustness'®'?,
which hamper efforts to repurpose it as a conditionally active thera-
peutic agent. Recent advances in computational protein design?
have enabled the generation of highly stable functional proteins that
fully recapitulate the activity of natural cytokines, but withimproved
biochemical and therapeutic properties®*2. The de novo designed IL-2
mimetic Neoleukin-2/15 (Neo-2/15) reproduces the immunostimu-
latory function of IL-2 and IL-15 by activation of IL-2R[3 and IL-2Ry
but is fully independent of the CD25 and CD215 receptors® (other
approaches have also been used to generate IL-2 variants with reduced
CD25 affinity*). This mimetic induces potentimmunotherapeutic
effects with reduced toxicity when compared with natural IL-2, by
avoiding undesired preferential activation of CD25" immune cells®.
A pegylated version (NL-201) has shown improved therapeutic effect
in multiple preclinical models®® and is currently being tested in clini-
cal trials”. Nevertheless, without additional localization strategies,
systemic overactivation due to on-target, off-tumor activation of
immune cells could still lead to toxicity at high doses. We reasoned that
the high stability and robust folding of Neo-2/15 could be leveraged to
create a conditionally active cytokine to safely and selectively target
IL-2 mediated immune cell activation where needed. To this end, we
set out to design two-component split versions of Neo-2/15 that are
active only upon colocalization of the two disjointed fragments at
the site of the tumor.

Results

Development of functional split Neo-2/15 variants

In the Neo-2/15 protein, helix H3 interacts with IL-2R[3, H4 interacts
with IL-2Ry and H1 interacts with both receptors (Fig. 1a; the helical
element numbering correspondstothatinIL-2; the sequence orderin
Neo-2/15is HI-H3-H2’-H4; H2’ does not have an IL-2 counterpart). We
aimed to separate one of these helices from the others so that receptor
heterodimerization could be achieved only in the presence of both
fragments. We tested three pairs of split versions for Neo-2/15: (1) H1
and H3-H2’-H4, (2) H1-H3 and H2'-H4, and (3) H1-H3-H2’ and H4. In
allthree cases, much stronger IL-2 receptor binding and signaling was
observed when two fragments were combined than for either fragment
alone (Fig.1b,c and Extended DataFig.1). For the split pair HLand H32'4,
neither fragment alone showed any activity even at high concentra-
tions (Extended Data Fig. 1a). We selected this pair for subsequent
studies, and the H1 and H32'4 split fragments are henceforth referred
to as Neo2A and Neo2B, respectively. Further characterization of the
fragments revealed that Neo2A is unfolded in solution while Neo2B
remains helical (Extended Data Fig. 2a). The two split fragments have
low affinity for each otherin the absence of the IL-2 receptor subunits
(dissociation constant (K;) ~4.5 pM) but form a much higher-affinity
complexinthe presence of the soluble IL-2Rp and IL-2Ry (K= 50.8 nM),
adesirable property for ensuring on-target reconstitution (Extended
DataFig.2b,c).

Split Neo-2/15is selectively reconstituted on target cells

We next sought to evaluate whether selective targeting of split Neo-
2/15 components to the surface of cells could reconstitute activity
at submicromolar concentrations through colocalization. We fused
the fragments to designed ankyrin repeat proteins (DARPins) that
target the extracellular domains of HER2 (G3 DARPin*®) and EGFR (EO1
DARPin?’), two well-known tumor-associated antigens. Intact Neo-2/15
and the split fragments thereof retained their function after either
N- or C-terminal fusion to the targeting domains and irrespective of
linker length (Extended Data Fig. 3a-e). The targeted split fragments
were added to a mixture of four K562 cell lines engineered to express
EGFR-iRFP, HER2-eGFP, both or neither*’ (Fig. 2a), and reconstitution of
Neo-2/15activity onthe surface of target cells was measured by recruit-
ment of the soluble IL-2RBy complex (Fig. 2a). IL-2RPy was specifically
recruited to HER2" cells when both Neo2A and Neo2B split fragments
were targeted to HER2 (0HER2-Neo2A + aHER2-Neo2B), with similar
activity to HER2-targeted intact Neo-2/15 (xHER2-Ne02/15), demon-
strating colocalization-dependent IL-2 receptor binding (Fig. 2b and
Extended DataFig.4a).IL-2RBy was also recruited with high selectivity
tothesurface of double-positive HER2'/EGFR" when one split fragment
was targeted to HER2 and the other to EGFR (Fig. 2b and Extended Data
Fig.4b), demonstrating the feasibility of this approachin targeting two
different antigens on the same cell surface (AND logic-gated activity).
Similar selectivity was observed for other split pair variants (Extended
DataFig.4c,d) but, at high concentrations, one of the single fragments
showed residual receptor-binding capacity (Extended Data Fig. 4e).

Split Neo-2/15 trans-activates immune cells

To evaluate whether the targeted split Neo-2/15 proteins could
trans-activate immune cells when bound to target tumor cells, we first
targeted the Neo2A and Neo2B split fragments to the double-positive
HER2/EGFR* K562 cell line, described above, in the presence of an
IL-2-responsive human natural killer (NK) cell line® (YT-1) and assessed
STAT5 phosphorylationasareadout for IL-2 signaling (Fig. 2c). Selective
activation was observed for the targeted Neo2A-Neo2B pair (Fig.2d and
Extended Data Fig. 5a) but required a high ratio (20:1) of tumor cells to
immune cells. We hypothesized that more potent trans-activation could
occur for antigen-specificimmune cells because the immune synapse
between theimmune celland tumor cellwould bring theminto close prox-
imity for anextended period of time, allowing the targeted cytokine more
efficiently to dimerize the receptor subunits and activate the immune cell.
Totest this hypothesis, we fused each of the split Neo-2/15 fragments to
the aPD-L1nanobody B3*>** and targeted them to B16F10 (also referred to
herein as B16) melanoma cells overexpressing PD-L1**. Tumor cells were
cocultured overnight with melanomaantigen-specificaTrp-1CD8" T cells
(Fig.2e) inthe presence of an xCD28 antibody to provide costimulation.
ThesplitNeo-2/15fragmentstargeted to the surface of B16 cells efficiently
trans-activated the antigen-specific T cells (Fig. 2f and Supplementary
Fig.1a). Thisactivation was dependent on targeting: fusions toa control
nanobody withirrelevant specificity (1B7, which recognizes a Toxoplasma
gondiikinase®) did notactivate T cells,and addition of an excess of solu-
ble aPD-L1 nanobody to outcompete cell surface binding considerably
reduced trans-activation (Fig. 2g and Supplementary Fig. 1b).

Split Neo-2/15 reduces toxicity in murine models

We next sought to evaluate the safety profile and therapeutic activ-
ity of split Neo-2/15. IL-2 immunotherapy induces toxicities such as
pulmonary edema and weight loss in mice***. We previously showed
that treatment with Neo-2/15 has lower systemic toxicity than IL-2 in
preclinical models***. We hypothesized that the conditional activity
of split Neo-2/15 could further expand the therapeutic window by pre-
venting systemic activity of the individual fragments until colocalized
to the desired site. We treated healthy C57BL/6 ] mice with equimolar
doses of Neo-2/15, targeted and untargeted Neo-2/15 fusion proteins
(aPD-L1-Neo02/15 and Ctrl-Neo2/15) and targeted and untargeted split
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Fig.1|Neoleukin-2/15 can be splitinto two fragments that reconstitute its
activity when combined. a, Splitting strategy for Neo-2/15. Structure of Neo-
2/15 (cylinder representation) and murine IL-2 receptors  and y (beige and pink
surface representations, respectively, PDB ID: 6dg5). Dashed line represents the
selected split site between helix H1 (Neo2A), involved in the interface with both
receptors, and fragment H32'4 (Neo2B). b, Binding of split Neo-2/15 fragments
to the IL-2 receptor. Biolayer interferometry binding assay illustrating the
binding kinetics of intact Neo-2/15 (black), Neo2A (blue), Neo2B (purple) and
the combination of Neo2A + Neo2B (magenta) (1 uM concentration) binding to

2,000

107 107 10° 10° 107
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biotinylated human IL-2Ry immobilized on an Octet streptavidin sensor in the
presence of 250 nM soluble hIL-2Rp. Full titrations are provided in Extended Data
Fig.1a. ¢, Signaling of split Neo-2/15 on human YT-1cells. STATS phosphorylation
in YT-1cells following treatment with intact Neo-2/15 (black, EC5, = 1.87 x 10°M),
Neo2A (blue, ECs, undetermined), Neo2B (purple, ECs, undetermined) or the
combination of Neo2A + Neo2B (magenta, EC,, = 2.83 x 10 *M). Treatment with
the split pair reconstituted Neo-2/15 activity. *indicates different EC, values with
nonoverlapping 95% confidence interval ranges. Experiments were performed in
triplicate three times, with similar results. Data are presented as mean + s.d.

Neo-2/15 fusion proteins (Fig. 3a) at a daily dose of 2.6 nmol (equivalent
to 30 pg of Neo-2/15, higher than previously reported and anticipated
to show moderate toxic effects?). Signs of toxicity were evident in mice
treated with Neo-2/15and Ctrl-Neo2/15 at 23 days post treatment due to
the high dose (Fig. 3aand Supplementary Fig. 2). The aPD-L1-Neo-2/15
fusion protein was found to be toxicjust days into treatment, possibly
due toaccumulation by unwanted localization to PD-L1-expressing cells
suchas myeloid dendritic cellsand brown adipocytes™. As anticipated,
neither the untargeted nor targeted split Neo-2/15 fragment combina-
tions showed any signs of toxicity at this dose.

Targeted split Neo-2/15 induces potent antitumor effects

We evaluated the antitumor effects of split Neo-2/15 in syngeneic
murine models of PD-L1-overexpressing B16 melanoma tumors™. First,
we compared the therapeutic effect of intact Neo-2/15 fusion proteins
(untargeted or targeted to PD-L1) with that of the split Neo-2/15 fusion
protein (untargeted or targeted to PD-L1). Therapeutic molecules were
administered at the highest nontoxic dose—that s, intact Neo-2/15 fusions
controls (aPD-L1-Neo-2/15and Ctrl-Neo-2/15) at 12 pg per mouse per day
(430 pmol), whereas split fragments were dosed at a ~20-fold-higher
molar ratio (200 pg per mouse per day, 8 nmol). All proteins were
administered intraperitoneally except for the Neo2B fusions, which
were administered subcutaneously in the flank opposite to that of the
tumor to prevent potential association of split molecules before injec-
tion. Molecules were administered either as single-agent therapeutics
(Supplementary Fig. 3a) or in combination with TA99 antibody (which

targets surface Trpl on melanocytes), which is widely used in combi-
nation with IL-2 in the poorly immunogenic B16 melanoma model*®
(Fig. 3b). Survival and tumor growth were evaluated for all groups. As
expected, individual fragments did not show any antitumor therapeutic
activity. The antitumor efficacy of the PD-L1-targeted split fragments
(aPD-L1-Neo2A +aPD-L1-Neo2B) was superior to that of the untargeted
split fragments (Ctrl-Neo2A + Ctrl-Neo2B), as well asto that of the targeted
anduntargeted intact Neo-2/15fusion proteins, resulting in extended sur-
vivaland complete tumor clearancein two mice (Fig. 3b). Consistent with
theseefficacy results,aPD-L1-Neo2A +aPD-L1-Neo2B therapy resulted in
expansion and activation of CD8" T cell expansion in peripheral blood
(Supplementary Fig. 3c,d). Intact Neo-2/15 fusions (aPD-L1-Neo-2/15and
Ctrl-Neo-2/15) did not show a potent antitumor effect due to dose-limiting
toxicity, as predicted by the safety studies presented in Fig. 3a, and per-
formed similarly regardless of targeting, in agreement with previous
reports, showing that efficacy of a targeted, fully active IL-2-mimetic
molecule is mainly mediated by systemic activity®.

We next carried out a more extensive comparison of the anti-
tumor efficacy of intact Neo-2/15 compared with untargeted and
targeted split Neo-2/15 (Fig. 3¢c). The aPD-L1-Neo2A + aPD-L1-Neo2B
molecules showed little toxicity and exhibited superior efficacy
and safety compared with intact Neo-2/15 (Fig. 3d). This enhanced
therapeutic effect was probably a result of increased on-tumor
accumulation of reconstituted active Neo-2/15 due to a higher tol-
erated dose and reduced systemic effects when administered as a
targeted split molecules. Inthe case of mice treated with untargeted
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Fig.2 | Trans-activation ofimmune cells through targeted reconstitution
of split Neo-2/15 on the surface of tumor cells. a,b, In vitro assay for
reconstitution of Split Neo-2/15 on the surface of engineered K562 cells.
a,Neo2A and Neo2B split proteins were fused to anti-EGFR and anti-HER2
DARPin-targeting domains. K562 cells (gray) and engineered K562 cell lines
transduced with HER2-eGFP (purple), EGFR-iRFP (blue) or both (pink) were
mixed in an equivalent ratio then incubated with targeted split Neo-2/15 proteins
at10 nM. b, Reconstitution of Neo-2/15 binding activity on the cell surface

was measured by recruitment of phycoerythrin (PE)-labeled soluble hIL-2RBy.
*P<0.000L1.c,d, Assay performed to measure trans-presentation of split Neo-
2/15on the surface of K562 tumor cells to human YT-1NK cells. ¢, Untransduced
HER2/EGFR™ K562 cells (off-target) or HER2"/EGFR" K562 cells (on-target) were
cocultured with YT-1cellsin a20:1ratio (K562:YT-1) in the presence of tHER2-
Neo2A and aEGFR-Neo2B fusion proteins. d, YT-1cell activation was analyzed by
measurement of STAT5 phosphorylation. Strong signaling was observed for

on-target K562 cells incubated with tHER2-Neo2A + cEGFR-Neo2B

(ECso =1.57 x10°®). The remaining groups showed weak signaling (undetermined
ECs). e,f, Assay used to detect trans-activation of antigen-specific aTrp-

1CD8" T cells by split Neo-2/15 on the surface of BI6F10 melanoma cells
overexpressing PD-L1in coculture. e, Split Neo-2/15 proteins were fused to either
ananobody (VHH) with irrelevant specificity (Ctrl) or an aPD-L1 nanobody.

f, Trans-activation of T cells was measured by expression of the activation
marker CD25. All samples were incubated with an aCD28 antibody to provide
costimulation. xCD3 was used as a positive control for T cell activation, and OVA
peptide to quantify basal CD25 expression levels. g, B16 and CD8" T cells were
cocultured in the presence of activating proteins. Addition of excess soluble
aPD-L1nanobody (VHH) to competitively inhibit binding of targeted split fusion
proteins to the B16 cell surface resulted in attenuated T cell activation. All datain
the figure are presented as mean + s.d. One-way ANOVA comparisons against the
negative control group. NS, no statistical significance; a.u., arbitrary units.

Ctrl-Neo2A + Ctrl-Neo2B at the high 8-nmol dose, we observed signs
of systemic toxicity, further highlighting the benefit of targeting
conditionally active cytokines to concentrate their activity at the
tumor site. Remarkably, among all treatment groups, the cohort
treated with targeted split Neo-2/15 (aPD-L1-Neo2A + aPD-L1-Neo2B)
was the only one inwhich some mice achieved complete tumor remis-
sion. We evaluated the durability of this effect by rechallenging the
'cured' mice with new B16 tumors (Fig. 3e). Rechallenged mice showed

improved survival (one mouse again achieved complete remission)
and had higher numbers of tumor-specific (anti-Trpl) CD8* T cells
compared with mice receiving a primary challenge, showing mod-
est evidence of immunologic memory consistent with other IL-2
based therapeutics. Overall, these results demonstrate the thera-
peutic potential of the targeted split Neo-2/15 molecule, highlight-
ingits ability to overcome dose-limiting toxicities often observed in
cytokine-based therapeutics.
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Fig.3 | Targeting split Neo-2/15 to tumors increases safety and enhances
antitumor efficacy. a, Safety study inimmunocompetent mice (n =5 per group)
treated with targeted Neo-2/15 and targeted split Neo-2/15. “Ctrl” indicates

fusion to anirrelevant nanobody as untargeted control. Mice were treated daily
with equivalent doses of the indicated proteins (2.6 nmol). Weight change was
monitored to evaluate toxicity of the dosed molecules. One-way ANOVA was

used to compare weights at day 60. b, Efficacy study inimmunocompetent mice
(n=S5per group) bearing PD-L1-overexpressing B16 melanoma cells. Mice were
administered daily with therapeutic doses of the test items: «PD-L1-Ne02/15

and Ctrl-Neo2/15 at 430 nmol or targeted split Neo-2/15 fragments at 8 nmol. All
groups were cotreated with Ta99 biweekly. Unpaired two-tailed ¢-tests of tumor
growth values at day 22. ¢, Efficacy study in mice bearing B16 PD-L1-overexpressing
melanoma cellsin the flank (n = 5for PBS and Ta99 groups, n =10 for other groups).

aPD-L1-Neo2B survivors

Days after tumor inoculation

Neo-2/15 was dosed daily at 2.6 nmol and split Neo-2/15 fusions at 8 nmol daily.

d, Weight change of the mice in the study shown in c comparing the toxicity of Neo-
2/15and the aPD-L1split Neo-2/15 fusions. ¢,d, Unpaired two-tailed Student’s t-tests
were performed to compare tumor volume and weight change at days 19 and 29.

e, Surviving aPD-L1split Neo-2/15-treated mice were rechallenged alongside
control mice receiving a primary challenge (n=5). CD8' T cells from treated mice
were analyzed for recognition of tumor cells by the presence of anti-Trp1-MHCI
tetramer (right). f, Survival curves forimmunocompetent mice bearing B16
melanoma cells in the flank overexpressing murine PD-L1and human HER2 and
dosed daily with the following testitems: PBS (n=12), Neo-2/15 (2.6 nmol, n=5),
aPD-L1-Ne02A +aPD-L1-Neo2B (8 nmol, n =5), tHER2-Neo2A + aPD-L1-Neo2B

(8 nmol, n=7).Statistical analysis for survival curves was performed by
Mantel-Cox log rank. Data presented as mean + s.e.m.

AND logic-gated split Neo-2/15 shows in vivo activity

A key advantage of a two-component conditionally active system is
that activity can be targeted to cells that express a specific combi-
nation of two surface markers. We set out to explore the feasibility
of this approach in mouse tumor models. To do so, we transfected
PD-L1-overexpressing B16 melanoma tumors with the full extracellular
domain of human HER2 as a second surface marker (Supplementary

Fig. 4). We confirmed that the targeted split constructs bound and
reconstituted IL-2 activity on the surface of this newly engineered
cell line by measuring recruitment of the soluble IL- 2Ry complex
(Extended Data Fig. 6a,b). Imnmunocompetent mice were theninocu-
lated with these cells and treated with various Neo-2/15 constructs:
intact Neo-2/15, the previously tested PD-L1-targeted split fragments
(aPD-L1-Neo2A + aPD-L1-Neo2B) and a combination of split fragments
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targeting PD-L1and HER2 (aHER2-Neo2A + aPD-L1-Neo2B). Because
HER2 is a human protein, TA99 was not administered as cotherapy
to reduce spontaneous immunoreactivity against the tumor cell. All
groups showed antitumor activity (Fig. 3f and Extended Data Fig. 6¢)
and, remarkably, both cohorts including split fragments had com-
plete tumor remission with no major signs of toxicity. On the other
hand, some Neo-2/15-treated mice showed signs of systemic toxicity
(Extended DataFig. 6¢). These results demonstrate that the split system
canelicitlogic-gatedimmunotherapeuticactivity on tumor cells that
express a specific combination of two surface antigens.

Split Neo-2/15 activates at high surface antigen density
Theactivation mechanismof split Neo-2/15 requires sufficient expres-
sion of surface markers on target cells for the two components to
interact. We set out to understand in more detail the target antigen
expression levels required to reconstitute active split Neo-2/15. First, we
evaluated the activity of aPD-L1-Neo-2/15 and split Neo-2/15on multiple
B16F10 celllines expressing different levels of PD-L1: B16 wild type (WT),
B16 WT stimulated with IFN-y (B16 cells upregulate PD-L1in response
to IFN-y*?) and engineered B16-overexpressing PD-L1. We quantified
PD-L1surface receptor levels for each cell line and confirmed that B16
WT (no IFN-y) had low PD-L1expression, B16 WT (+IFN-y) had intermedi-
ate PD-L1 expression and engineered B16 cells had high PD-L1 expres-
sion (Extended DataFig. 7a).Intact Neo-2/15 targeted to PD-L1showed
IL2RBy-binding activity on the surface of cells that were intermediate
and high PD-L1 expressors, whereas the split system showed activity
only on high-expressor cells with surface receptor counts of 40,000
(Extended DataFig. 7b,c). This steeper dependence ontarget receptor
abundanceis expected given that multiple binding events are required
for reconstitution, and this feature of the split system canbe exploited to
target cells with high antigen density (that is, tumor cells) while sparing
those with low antigen density (that is, healthy cells). To confirmthese
findings in vivo, we tested the efficacy in the syngeneic mouse B16F10
WT tumor model, which exhibits low to intermediate PD-L1 expres-
sion under physiological circumstances depending on factors such
as endogenous expression of IFN-y. As expected, mIL-2 and Neo-2/15
were efficacious due to their systemic activity (as shown previously??)
whereastargeted split Neo-2/15had less potent antitumor activity due
tothelowamount of surface PD-L1in this model (Extended Data Fig. 7d).
To determine whether nonengineered tumor lines express
sufficiently high levels of tumor-associated surface antigens, we
quantified HER2 and EGFR receptor levels on three human cell lines
(Extended Data Fig. 8a) and targeted the split system to HER2 and EGFR
(0tHER2-Neo2A + aEGFR-Ne02B) (Extended Data Fig. 8b). Reconstitu-
tion of Neo-2/15 activity was measured by recruitment of the soluble

Fig. 4| Cis-targeting split Neo-2/15 to CD8 specifically expands CD8"* T cells
in murine models. a, Cis-activation mechanism of split Neo-2/15 targeted to
CD8 (viafusionto anaCD8 VHH) on the surface of T cells. b, aCD8 split Neo-
2/15 promotes specific CD8" T cell proliferation in healthy mice. Proteins

were administered daily to nontumor-bearing Foxp3-GFP mice (n=3;n=2

for PBS control) for 5 days at 12 pg per mouse per day (500 pmol) for intact
Neo-2/15 fusions and 10 pg per mouse per day (500 pmol) for split Neo-2/15
fusions. Cell populations of spleen and both inguinal lymph nodes collected

at day 6 were analyzed by flow cytometry. Unpaired two-tailed Student’s

t-test was used to evaluate statistical significance between groups. ¢, Efficacy
study in C57BL/6 ) mice bearing WT B16 melanoma treated with aCD8 split
Neo-2/15 and TA99. Test items were dosed daily at 500 pmol each, starting on
day 5. Ta99 was administered biweekly starting on day 3 (150 pg per mouse).
Tumor growth (right) and mouse survival (left) are shown (n =10 mice per
group for aCD8-targeted split Neo-2/15-treated mice, n = 5 for controls). Left:
***P=0.006, Mantel-Cox log rank comparing Ctrl-Neo2A + Ctrl-Neo2B with
aCD8-Neo2A +aCD8-Neo2B. Right: unpaired two-tailed ¢-test comparing Ctrl-
Neo2A + Ctrl-Neo2B with aCD8-Neo2A + aCD8-Neo2B at day 19.**P=0.049.b,c,
Datapresented asmean +s.e.m.

IL-2RBy complex on the surface of target cells and was found to cor-
relate with receptor amount (Extended Data Fig. 8b,c). Thus, the split
system is effective for targeting of antigens at densities observed on
human tumor cells.

Cis-activation ofimmune cells with split Neo-2/15

The results above illustrate the potential of split Neo-2/15 for tar-
geting solid tumors to locally expand immune cell populations
(trans-activation ofimmune cells). Some immunotherapeutic strate-
giesbenefit from cytokine-mediated systemic amplification of specific
immune cell subtypes to promote antitumor effects (cis-activation)—for
instance, potentiating pre-existing cytotoxic CD8' T cells® or chimeric
antigenreceptor T (CAR-T) cellsin adoptive cell therapy applications.
Whereas unwanted activation and expansion of CD25* regulatory T cells
(Tregs) has limited many IL-2 based immunotherapies™*’, Neo-2/15 is
CD25-independent and is thus not biased to preferentially activate
CD25' Tregs*, whichis one of its main advantages as a cancer therapeu-
ticover IL-2. To specifically target CD8' cytotoxic T cells, we fused split
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Neo-2/15 proteins to an aCD8 nanobody-targeting domain*’ (Fig. 4a).
First, we confirmed the in vitro capacity of the resulting aCD8 split
Neo-2/15to selectively expand CD8" T cells in cultures of splenocytes
(containing both CD8* and CD4" T cells; Extended Data Fig. 9a,b). We
then dosed aCD8 split Neo-2/15,aCD8 intact Neo-2/15 and untargeted
controls in healthy Foxp3-GFP mice and assessed the extent of selec-
tiveexpansion of CD8" T cells over other T cell subtypes such as Tregs
(Fig.4band Extended DataFig. 9c,d). We observed increased CD8" fre-
quencyinlymphnodeandspleenin animalstreated withaCD8-Neo2/15
and aCD8 split Neo-2/15. The cohort treated with targeted split Neo-
2/15induced greater CD8" T cell-specific proliferation compared with
that treated with targeted intact Neo-2/15, probably due to reduced
off-target effects of the conditionally active molecule. We then evalu-
ated the antitumor efficacy of CD8-specific split Neo-2/15 in the B16
mouse model of melanoma. Intact Neo-2/15 and split fragment fusion
proteins were dosed both as single agents (Extended Data Fig. 9e) and
incombination with Ta99 (Fig. 4c). Consistent with our targeted activa-
tionstudies, we observed delayed tumor growth andimproved survival
inmice treated with aCD8 split Neo-2/15 compared with both untreated
mice and those treated with the untargeted split pair.

CAR-T therapies have achieved success in a subset of patients with
B cell malignancies, but many patients do not respond to these treat-
ments and additional challenges remain for their clinical applicationin
solid tumors**%, Forinstance, insufficient CAR-T cell expansionis corre-
lated with treatment failure in hematological malignancies*, and poor
CAR-T cellaccumulation at the tumorsiteis believed to lessen effective-
ness in the treatment of epithelial cancers***. We hypothesized that
highly specific targeting of split Neo-2/15to CAR-T cellswould resultin
improved therapy through the selective expansion of these cells and
reduced interaction with other immune cells that can lead to toxicity
by immune overactivation. We engineered CAR-T cells to coexpress
truncated HER2 as a transduction marker for use as a target for the
split Neo-2/15 aHER2 fusion proteins described above (Fig. 5a). Split
Neo-2/15 fragments fused to an EpCam-binding DARPin (Ec1)*® were
used as untargeted controls. In vitro, tHER2 split Neo-2/15 molecules
selectively activated IL-2 signaling leading to STATS5 phosphorylationin
CAR-transduced HER2" cells, whereas cHER2-fused intact Neo-2/15 acti-
vated either transduced (HER2") or untransduced (HER2") cells (Fig. 5b).
To evaluate whether this selective activation also led to improved
tumor-killing capacity, we cocultured aROR1 CAR-T cells expressing
either surface HER2 (HER2t) or a control CD19 transduction marker
(CD19t, negative control) with NCI-H1975 tumor cells, in the presence

Fig. 5| Cis-targeting split Neo-2/15 to CAR-T cells enhances CAR-T
proliferation and tumor killing. a, Cis-activation mechanism of split Neo-2/15
targeted to HER2 expressed as a transduction marker on the surface of CAR-T
cells. b, STATS phosphorylation of untransduced HER2™ primary CD8" T cells
(left) or transduced HER2* CD8" T cells expressing the aCD19 CAR (right) (n=2
cellsamples). An EpCam-binding DARPin (Ec1) was fused to split Neo-2/15
fragments as an untargeted control. Data presented as mean * s.d. * Indicates
different ECs, values with nonoverlapping 95% confidence interval ranges.

¢, Invitro coculture of CAR-T cells and NCI-H1975 (ROR1") tumor cells in the
presence of cis-targeted split Neo-2/15 costimulation. Anti-ROR1 CAR-T cells
were engineered to express either HER2 (HER2t, on-target cells) or CD19 (CD19t,
off-target control cells) as a transduction marker. CAR-Ts were cocultured with
tumor cells for a total of four consecutive stimulations in the presence of the test
items. End-point data showing tumor cell index (left) and CAR-T cell proliferation
(right) after 35 h on the fourth stimulation of CAR-T cells with tumor cells.n =2
independent cell cocultures. Statistical analysis performed with one-way ANOVA
comparing each test group with control group (left: no CAR-T group; right:
CAR-T-only groups). Data presented as mean + s.d. d, Efficacy of aCD19 CAR-T
cells and cotreatment with cis-targeted split Neo-2/15 fragmentsin alymphoma
xenograft model. Both HER2- and EpCam-targeted (negative control) split Neo-
2/15 fragments were dosed at 7.5 mg/kg (n = 5mice per group). Data presented as
mean +s.d. a-d, Statistical analysis for survival curves was performed by Mantel-
Cox logrank.

or absence of cis-targeted split Neo-2/15 proteins. HER2t CAR-T cells
elicited potent tumor killing and proliferation in the presence, but
not the absence, of cis-targeted split Neo-2/15 (Fig. 5c and Extended
Data Fig. 10). In contrast, control CD19t CAR-T cells did not exhibit
tumor killing in the presence of the split system, demonstrating that
cis-targeting is required to sustain potent CAR-T activity.

To investigate the therapeutic potential of the cis-targeting
approach we tested cis-targeted split Neo-2/15 in alymphoma xeno-
graft model (Raji). Cotreatment with xCD19 CAR-T cells and targeted
split Neo2/15 showed improved tumor control and prolonged sur-
vival compared with control mice treated only with CAR-T and com-
pared with the untargeted split Neo2/15 (Fig. 5d and Supplementary
Fig.5). Takentogether, these cis-activation studies illustrate the poten-
tial of our targeted conditional activation approach for use in cancer
immunotherapy.
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Discussion

We describe a conditionally active cytokine system designed to over-
come residual off-target activity that is frequently observed with sys-
temic cytokine and immunocytokine treatment®’. To our knowledge,
no split IL-2-like molecule with designed two-component conditional
activity has previously been reported. The two components have no
activity ontheir own, allowing for targeting and localization of cytokine
activity tothe desired site of action. The bipartite nature of our strategy
allows for specific targeting of cells that express two surface receptors
of interest while sparing cells that express only one receptor (that is,
AND logic®***). A further advantage of the split system is that, because
multiple surface binding events are required for activation, it can distin-
guish tumor cells expressing high levels of target antigens from those
expressing lower levels more effectively thanintact targeted cytokines.
Targeting the two split components to the tumor (to either one or two
surface antigens) to elicit trans-activation resulted inan increased ther-
apeutic index and led to complete remission in syngeneic melanoma
tumor models. Targeting these components to specificimmune cells
to elicit cis-activation enhances antitumorimmunotherapeutic effects
insyngeneic melanoma and lymphoma xenograft models in mice.

For this study we selected human HER2, human EGFR, murine
PD-L1and murine CD8 as target antigens, but the split components can
inprinciplebe fused to any high-affinity-targeting domains that engage
clinically validated targets highly expressed in the tumor microenvi-
ronment for trans-activation approaches***° or lymphocyte antigens
forimmune cell cis-activation®*”', Beyond cancer immunotherapy, the
modularity of the split cytokine system could enable targeting immune
cell subsets of interest, such as Tregs for treatment of autoimmune
disorders®>**. Further development of this technology toward clinical
applications will require optimization of the administration route, dos-
ing regime and pharmacokinetics. As shown here, both components
can either be mixed and dosed together or administered separately;
likewisein a clinical setting, possibilitiesinclude bothasingleinjection
of both split parts with proper formulation or separate intravenous
administration of the two split parts at two distinct sites (for example,
both arms).

In conclusion, the development of split Neo-2/15 addresses the
two current main engineering challengesinregard to IL-2 therapeutics
(CD25bias and undesired systemicactivity). Our study demonstrates
how the robust folding and high stability of de novo designed proteins
canbe exploited to create conditionally active signaling molecules that
function robustly in preclinical models and reduce systemic toxicity.
More generally, this approach opens the door to new applications in
which ade novo designed protein can be leveraged to develop highly
specific therapeutic proteins that are conditionally activated by target
proteins of interest.
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Methods

Synthetic gene construction

The designed protein sequences were codon optimized for Escheri-
chiacoliexpressionand ordered as synthetic genesin pET29b + E. coli
expression vectors (Genscript). Each synthetic gene wasinserted at the
Ndeland Xholsites of the vector, including an N-terminal hexahistidine
tagfollowed by aTEV protease cleavage site and the addition of astop
codonatthe C terminus. VHH fusion proteins were inserted inpCMV/R
for mammalian cell expression cloned between Nhel and Avrll sites
andincluding an N-terminal signal peptide (MDSKGSSQKGSRLLLLLV-
VSNLLLPQGVLAGSDG) (Genscript). Amino acid sequences are listed
inSupplementary Tables 1-3.

Protein expression and purificationin E. coli

All DARPin protein fusions H132' and H32'4 were expressed in E. coli
strain Lemo21(DE3) (NEB) and VHH fusion proteins in E. coli strain
SHuffle T7 (NEB). Bacteria were transformed with a pET29b* plasmid
encoding the synthesized gene of interest. Cells were grown for 24 h
inlysogeny broth medium supplemented with kanamycin. Cells were
inoculated at a ratio of 1:50 ml in Studier TBM-5052 autoinduction
medium supplemented with carbenicillin or kanamycin, grown at 37 °C
for2-4 handthengrownat18 °Cforanadditional 18 h. Cells were har-
vested by centrifugationat4,000gand 4 °C for15 minand resuspended
in 30 ml of lysis buffer (20 mM Tris-HCI pH 8.0, 300 mM NaCl, 30 mM
imidazole, 1 mM PMSF, 0.02 mg mI DNAse). Cell resuspensions were
lysed by sonication for 2.5 min (5-s cycles). Lysates were clarified by
centrifugation at 24,000g at 4 °C for 20 min and passed through 2 ml
of Ni-NTA nickel resin (Qiagen, no.30250) pre-equilibrated with wash
buffer (20 mM Tris-HCIpH 8.0,300 mM NacCl, 30 mMimidazole). The
resin was washed twice with ten column volumes (CV) of wash buffer
and then eluted with 3 CV of elution buffer (20 mM Tris-HCI pH 8.0,
300 mMNacl, 300 mMimidazole). Eluted proteins were concentrated
using Ultra-15 Centrifugal Filter Units (Amicon) and further purified
withaSuperdex 75Increase10/300 GL (GE Healthcare) size-exclusion
columnin Tris-buffered saline (25 mM Tris-HCI pH 8.0,150 mM NaCl).
Fractions containing monomeric protein were pooled and concen-
trated, concentration measured by absorbance at 280 nm (NanoDrop),
snap-frozen in liquid nitrogen and stored at -80 °C. Proteins used
in animal studies were further purified to remove endotoxin using
NoEndo High Capacity Spin Columns (Protein Ark). Endotoxin levels
were measured with an Endosafe LAL Cartridge, PTS201F 0.1 EU mI™
sensitivity (Charles River) inan Endosafe nexgen-MCS (Charles River).

Protein production in 293-6E cells

Nanobody (VHH) fusion proteins used inanimal studies were expressed
in293-6E cells. Four liters of 293-6E cells were transfected withpCMV/R
plasmids encoding the gene of interest using linear polyethylenimine.
Cultures were harvested when average viability was <90% (4-6 days).
Protein expression was determinedin the culture supernatant, and total
celllysate was analyzed by reducing and nonreducing SDS-polyacryla-
midegel electrophoresis (SDS-PAGE). His-tagged proteins were purified
from clarified culture supernatant via Ni-NTA affinity chromatography.
Proteins were then dialyzed overnight into PBS pH 7.4, concentrated
using Ultra-15 Centrifugal Filter Units (Amicon) and analyzed by reduc-
ing and nonreducing SDS-PAGE and analytical size-exclusion chroma-
tography. Finally, concentration was measured by absorbance at 280 nm
(NanoDrop) and aliquots were snap-frozeninliquid nitrogen and stored
at-80 °C. Expression and purification were performed by Proteos.

Peptide synthesis

Peptides H1 (Neo2A), H13, H2'4 and H4 were synthesized to >85% purity
by Genscript. For Biolayer interferometry assays measuring the affin-
ity between Neo2A and Neo2B, the Neo2A peptide was biotinylated at
the N terminus and a flexible linker added to avoid steric hindrance
(Biotin-GGGSGGGSPKKKIQLHAEHALYDALMILNIVKTNS).

Biolayer interferometry

Binding data were collected in an Octet RED96 (ForteBio) and pro-
cessed using ForteBio Data Analysis Software v.9.0.0.10. Biotinylated
human IL-2Ry (Acro Biosystems, no. ILG-H85E8) was immobilized on
streptavidin-coated biosensors (SA ForteBio) at 5 pg ml™ in binding
buffer HBS:EP* (Cytiva) + Blotting Grade Blocker Non Fat Dry Milk (Bio-
Rad) until the signal reached 0.5 nm. After loading the IL-2Ry receptor
onto the biosensor, baseline measurement was performed by dipping
the biosensors in binding buffer only (60 s), followed by monitoring
of binding kinetics by dipping the biosensors in wells containing the
target analyte protein (association step) and then dipping them back
into baseline/buffer (dissociation). For the association step, analyte
proteins were diluted from concentrated stocks into binding buffer to
theindicated final concentration. Human IL-2Rf (Acro Biosystems, no.
CD2-H5221) wasadded in solution at theindicated concentration. The
experiments using Biotin-Neo2A were performed following the same
method, except that Biotin-Neo2A was loaded on the streptavadin
sensors and human IL-2Ry-Fc (Acro Biosystems, no. ILG-H5256) was
alsoadded insolution during association.

Circular dichroism

Far-ultraviolet circular dichroism measurements were carried out with
AVIV spectrometer model 420 in PBS (pH 7.4) ina cuvette of 1-mm path
length at a protein concentration of ~0.20 mg ml™ (unless otherwise
mentioned in the text). Temperature melts were performed at 25-95 °C
and monitored absorption signal at 222 nm (steps of 2 °C min™,30 s of
equilibration by step). Wavelength scans (195-260 nm) were collected
at25and 95 °C, and again at 25 °C after rapid refolding (-5 min).

Celllines and cell culture

YT-1cells were provided by Yodoi* and cultured in RPMI complete
medium (Gibco): RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 1% nonessential amino
acids, 1 mM sodium pyruvate, 15 mM HEPES and 1% penicillin/strep-
tomycin. WT K562 cells were purchased from American Type Cul-
ture Collection (ATCC), and engineered K562 cell lines expressing
EGFR-iRFP, Her2-eGFP or both (provided by Lajoie*’) were cultured
in RPMI complete medium. WT B16F10 melanoma cells (purchased
from ATCC), PD-L1-overexpressing B16 melanoma cells® and Her2*/
PD-L1Hi B16F10 melanoma cells were cultured in RPMI medium sup-
plemented with10% FBS, 2 mM L-glutamine, 1% penicillin/streptomy-
cin, 1% nonessential amino acids, 1 mM sodium pyruvate (Gibco) and
0.1 mM B-mercaptoethanol. Cell lines SKOV3, JIMT-1 and OVCARS8
were purchased from ATCC and cultured in RPMI complete medium.
NCI-H1975 cells were purchased from ATCC and cultured in RPMI + 5%
FBS +10 U mI? penicillin/streptomycin. Cells were trypsinized and split
every 3 days to avoid confluency. Cell line 293-6E (human embryonic
kidney) was provided by Proteos and cultured in F17 supplemented
with 0.1% Pluronic F-68,4 mM GlutaMAX and 25 pg ml™ G418. All cells
were maintained at 37 °Cina humidified incubator with 5% CO,. Murine
IFN-y was purchased from Peprotech and used at the indicated concen-
trations toinduce PD-L1expression on B16F10 cell lines. Cells used for
invivo experiments had been passaged for <2 months, were negative
for known mouse pathogens and were implanted at >95% viability.

YT-1cell STATS5 phosphorylation studies

Approximately 2 x 10° YT-1 cells were plated in each well of a 96-well
plate and resuspended in RPMI complete medium containing serial
dilutions of targeted or untargeted intact or split Neo-2/15 proteins.
Cells were stimulated for 20 min at 37 °C and immediately fixed by the
addition of formaldehyde to1.5% and 10 min incubation at room tem-
perature. After fixation, cells were permeabilized by resuspension in
ice-cold100% methanol for 30 minonice. Fixed and permeabilized cells
were washed twice with PBSA buffer (PBS pH 7.2 containing 0.1% bovine
serum albumin) and then incubated with Alexa Fluor 647-conjugated
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anti-STAT5 pY694 antibody (BD Biosciences) diluted 1:50 in PBSA buffer
for 2 h at room temperature. Cells were washed twice in PBSA buffer,
and Alexa Fluor 647 was measured on a CytoFLEX flow cytometer
(Beckman Coulter). Dose-response curves were fitted to a logistic
model and half-maximal effective (ECs,) concentrations calculated
using GraphPad Prism data analysis software, after subtraction of mean
fluorescenceintensity (MFI) of unstimulated cells and normalization to
maximum signal intensity. Experiments were conducted in triplicate
and performed three times, with similar results. The gating strategy is
shownin Supplementary Fig. 6.

Invitro reconstitution of split Neo-2/15 on target cells

The four K562 cell lines (engineered K562 tumor cell lines transduced
for expression of EGFR-iRFP, HER2-eGFP, both or neither) were mixed
inequivalentratios. Cell mixtures were washed with flow buffer (20 mM
Tris pH 8.0, 150 mM NaCl, 1 mM MgCl,, 1 mM CacCl, and 1% BSA) and
aliquoted into V-bottom plates with 200,000 cells per well. Serially
diluted split Neo-2/15 fusion proteins were made from concentrated
stocks, added to cells in a 50-pl volume and incubated for 30 min.
Subsequently, cells were washed with 150 pl of flow buffer and incu-
bated with a mixture of biotinylated human IL-2Ry (Acro Biosystems,
no. ILG-H85ES8), human IL-2Rp (Acro Biosystems, no. CD2-H5221) and a
fluorescent streptavidin-phycoerythrin conjugate (SA-PE, Invitrogen)
for15 min. Datawere acquired on a LSRII cytometer (BD Biosciences).
The gating strategy is shown in Supplementary Fig. 7. The same pro-
tocolwas used to measure targeted split Neo-2/15 activity on cell lines
SKOV3,JIMT-1,0VCARS8 and B16F10 acquired on a fluorescent activated
cell sorter (FACS) Celesta cytometer (BD Biosciences).

YT-1:K562 cell trans-activation assays

Approximately 2 x 10° YT-1 cells at the indicated ratio (K562:YT-120:1,
6:10r2:1) (either untransduced HER2 /EGFR K562 cells or transduced
double-positive HER2'/EGFR" K562 cells) were used in each well for
trans-activation studies. K562 cells were plated in each well of a 96-well
plate and resuspended in RPMI complete medium containing serial
dilutions of split Neo-2/15 proteins. Cells were incubated for 30 min at
37 °Cand then washed once with PBSA buffer. YT-1cells were added to
eachwelland cocultured with K562 cells for 30 minat 37 °C. Cellswere
stained with BV421-conjugated anti-CD132 antibody (BD Biosciences,
no. 566222; Clone AG184, 1:50 dilution) for 30 min at 4 °C and washed
once with PBSA buffer. After washing, these were immediately fixed by
the addition of formaldehyde to 1.5% and 10-min incubation at room
temperature. After fixation, cells were permeabilized by resuspensionin
ice-cold100% methanol for 30 minonice. Fixed and permeabilized cells
were washed twice with PBSA buffer then incubated with Alexa Fluor
647-conjugated anti-STAT5 pY694 antibody (BD Biosciences) diluted
1:50in PBSA buffer for 2 h at room temperature. AlexaFluor 647 fluores-
cenceon YT-1cells (gated based on CD132 expression) was measured on
aCytoFLEX flow cytometer (Beckman Coulter). Dose-response curves
werefitted toalogisticmodel and EC, values calculated using GraphPad
Prism data analysis software after subtraction of MFI of unstimulated
cellsand normalization to maximumsignal intensity. Experiments were
conducted in duplicate and performed twice, with consistent results.
The gating strategy is shown in Supplementary Fig. 8.

Invitro T cell:B16 trans-activation experiments

B16 cells overexpressing PD-L1were treated overnight with 20 ng ml™
murine IFN-y (Preprotech), washed, coated with 1.0 pM desired pro-
tein (thatis, OVA, Neo-2/15, Ctrl-Neo2A and so on) for 10 min, washed
andresuspended repeatedly and replated in a U-bottom plate. Mouse
trpl-specific CD8 T cells (JAX Stock, no. 030958) were isolated via a
negativeisolation kit (Stemcell, n0.19853) and plated under the listed
conditions either alone or in coculture with B16 cells at a 1:1 ratio for
1day. To confirmtrans-activation, 1.0 uM «PD-L1or Ctrl VHH was added
atthestartof coculture. T cells were then harvested 24-36 hlater and

analyzed by flow cytometry for expression of activation markers CD25
(Biolegend, n0.102017) and CDé69 (Biolegend, no.104508). T cells were
gated separately from B16 cells via FSC/SSC gating and CD8 staining
(Biolegend, no.100728). All antibodies were used at 1:100 dilution.

Engineering of B16F10 melanoma cells overexpressing mouse
PD-L1and human HER2

B16F10 PD-L1hicells were transduced with retrovirus to express human
HER2 (extracellular domain IV and transmembrane domain). HER2*
cells were identified by staining with anti-HER2 antibody (24D2, Bio-
legend, no.324405,1:200 dilution) and FACS sorted twice to achievea
pure population. The gating strategy is shownin Supplementary Fig. 4.

Safety study in murine models

As shown in Fig. 3a and Supplementary Fig. 2: Immunocompetent
female 6-8-week-old C57BL/6) mice (n =5 per group) were treated
daily with the targeted Neo-2/15 and targeted split Neo-2/15 molecules
at equivalent doses (2.6 nmol, equivalent to 30 pg per mouse of Neo-
2/15). Weight change and survival were monitored to evaluate toxicity
of the dosed molecules. Mice were euthanized if they lost 10% of body
weight. Spleen and lungs were harvested following euthanasia. Organs
frommicein cohorts Neo-2/15, Ctrl-Neo2/15 and aPD-L1-Neo2/15 were
obtained and analyzed on different days, when the euthanasia criteria
were met. Organs from mice in the PBS and split Neo-2/15 cohorts
that did not lose weight and did not meet euthanasia criteria were
harvested on day 60 at the conclusion of the study. Spleens and lungs
were weighed to assess the potential toxicity of treatment. Spleens
were subjected to immunophenotyping by flow cytometry to quan-
tify expansion of CD8* T cells using the following antibodies: Alexa
Fluor 488 anti-CD25 (clone PCé61, Biolegend, no.102018); PE anti-CD69
(H1.2F3, Biolegend, no. 104508); Pacific Blue anti-CD4 (GK1.5, Biole-
gend, no.100428); Brilliant Violet 711 anti-CD45 (30-F11, Biolegend,
no. 103147); and Brilliant Violet 785 anti-CD8a (53-6.7, Biolegend, no.
100749). All antibodies were used at 1:100 dilution. All animal protocols
were approved by the Dana-Farber Cancer Institute Committee on
Animal Care (protocol nos. 14-019 and 14-037) and are in compliance
with the NIH/NCl ethical guidelines for tumor-bearing animals.

Syngeneic murine melanoma model experiments

Allanimal protocols were approved by the Dana-Farber Cancer Institute
Committee on Animal Care (protocol nos. 14-019 and 14-037) and arein
compliance withthe NIH/NCl ethical guidelines for tumor-bearing ani-
mals. At day 0, 6-8-week-old C57BL/6 J mice (JAX Stock, no. 000664)
were inoculated with 80-90% confluent WT or engineered B16F10
cells (500,000 cells per mouse). Starting at day 5, mice were treated
daily with thelisted testitems. Neo2A and Neo2B fusion proteins were
injected individually following one of two regimens as indicated per
experiment. Mice were monitored for survival, weight change and
symptoms of toxicity including pallor, notable weight loss and fatigue.
Mice were euthanized if they lost 10% of body weight or their tumors
ulcerated or reached 2,000 mm?® in volume, which is the maximal
permitted tumor size for these studies.

Experiments shownin Fig. 3b and Supplementary Fig. 3: Five mice
per group were included in these two studies. For the study shown
in Fig. 3b, all groups were cotreated biweekly with TA99 starting on
day 3 (150 pg per mouse). Mice in the study shown in Supplementary
Fig.3 were not cotreated with TA99. The two studies were carried out
in parallel. Starting on day 5 after tumor cell inoculation, mice were
administered daily with therapeutic doses of «PD-L1-Neo02/15 and
Ctrl-Neo2/15 at 430 nmol (12 pg per mouse) (intraperitoneally), or
targeted split Neo-2/15 fragments were administered at 8 nmol (200 pg
per mouse) (Neo2A fusions givenintraperitoneally and Neo2B fusions
given subcutaneously in the opposite flank to the tumor). Mice in the
oPD-L1-Neo2/15treatment cohort showed symptoms of toxicity (pallor,
notable weight loss, fatigue) at day 12 and so their treatment schedule
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was modified. They then received treatment daily from days 5-12, no
treatmentondays13and 14 and then treatment every other day starting
atday 15. Peripheral blood was collected at day 15 of treatment and ana-
lyzed by flow cytometry using the following antibodies: Alexa Fluor 488
anti-CD25 (clone PC61, Biolegend, no.102018); PE anti-CD69 (H1.2F3,
Biolegend, no.104508); Pacific Blue anti-CD4 (GK1.5, Biolegend, no.
100428); Brilliant Violet 711 anti-CD45 (30-F11, Biolegend, no.103147);
and Brilliant Violet 785 anti-CD8a (53-6.7, Biolegend, no. 100749). All
antibodies were used at 1:100 dilution.

Experiments shown in Fig. 3c,d: Five mice were used in the PBS
and TA99 groups, ten mice in all other groups. Starting on day 5 after
tumor cell inoculation, mice were administered daily with each test
itemat therapeutic doses (Neo-2/15at 2.6 nmol (30 pg per mouse) and
split Neo-2/15 fusions at 8 nmol (200 pg per mouse)). The indicated
groups were cotreated with Ta99 mAb administered biweekly starting
onday 3 (150 pg per mouse).

Rechallenge experiments shown in Fig. 3e: Five surviving,
tumor-free mice from the aPD-L1 split Neo-2/15 + TA99-treated
cohorts in several experiments (including the studies shown in
Fig. 3b,c) were pooled into one group. The mice had cleared their
tumors 2-5 months before the start of the experiment, as shown in
Fig. 3e. Five age-matched B16 naive C57BL/6) mice were designated
as controls. On day 0, mice were inoculated with B16 F10 cells overex-
pressing PD-L1(1,000,000 cells per mouse, twice the amount of ausual
primary challenge). Onday 5, mice were bled and peripheral blood ana-
lyzed by flow cytometry for the presence of tumor-specific Trpl* CD8
T cellsvia anti-Trpl-MHCl tetramer staining as previously described*.

Experiments showninFig. 3f and Extended DataFig. 6¢c: At day O,
mice wereinoculated in the flank with 80-90% confluent B16F10 cells
overexpressingboth PD-L1and HER2 (500,000 cells per mouse). Twelve
micewereincludedinthePBS controlgroup, fiveinthe Neo-2/15-treated
group and seven each in groups aPD-L1-Neo2A + aPD-L1-Neo2B and
aHER2-Neo2A + aPD-L1-Neo2B. Starting on day 5 after tumor cell
inoculation, mice were administered daily with each test item at
therapeutic doses (Neo-2/15 at 2.6 nmol (30 pg per mouse) and split
Neo-2/15fusions at 8 nmol (200 pg per mouse)). Neo2A fusions were
administered subcutaneously interscapularly while PBS, Neo-2/15 and
Neo2B were injected intraperitoneally. The mice in these treatment
cohorts did not receive TA99 mAb. Mice in the Neo2/15 treatment
cohort showed symptoms of toxicity (pallor, notable weight loss,
fatigue) after 1 month of daily dosing, and thus surviving mice were
euthanized when their body condition score was less than or equal to
2,inaccordance with IACUC Standard Procedure.

Experiments shownin Extended DataFig. 7d: Five mice per group
were included in this study. Starting on day 5 after tumor cellinocula-
tion, mice were administered daily with therapeutic doses of mIL-2
(13 pg per mouse) (Preprotech, no. 212-12), Neo-2/15 (10 and 30 pg
per mouse) and «PD-L1-Neo2A + «PD-L1-Neo2B at 8 nmol (200 pg
per mouse). Neo2B fusions were given intraperitoneally and Neo2A
fusions subcutaneously (in the scruff of the neck). All groups were
cotreated with TA99 aTrp-1melanoma-specific antibody, administered
biweekly starting on day 3 (150 pg per mouse). Three early ulcerated
tumors (<500 mm?®) were removed from this analysis. Experiments
shown in Fig. 4c: Starting on day 5 after tumor cell inoculation, mice
were administered daily with: PBS (five mice), Ctrl-Neo-2/15 (500 pmol
per mouse, 5 mice), Ctrl-Neo2A + Ctrl-Neo2B (500 pmol per mouse,
5 mice) and aCD8-Neo2A + aCD8-Neo2B (500 pmol per mouse, 10
mice). Neo2B fusions were givenintraperitoneally and Neo2A fusions
subcutaneously (in the scruff of the neck). All groups were cotreated
with TA99 aTrp-1 melanoma-specific antibody, administered biweekly
starting on day 3 (150 pg per mouse).

Quantibrite surface receptor quantification
Theantibody-binding capacity of molecules EGFR (AY13, Biolegend, no.
352903), EpCAM (9C4, Biolegend, no.324205), HER2 (24D2, Biolegend,

no. 324405) and murine PD-L1 (MIH7, Biolegend, no. 155404) on the
surface of K562, B16F10, SKOV3, JIMT-1 and OVCARS cells was deter-
mined using Quantibrite beads (BD Biosciences) according to the
manufacturer’s protocols. Flow cytometry data were analyzed using
FlowJo v.10. All antibodies were used at 1:200 dilution. The gating
strategy is shownin Supplementary Fig. 9.

In vitro CDS8 cis-targeting experiments with splenocytes
Splenocytes were harvested from a WT C57BL/6 ) mouse and plated
together with split Neo-2/15 fusion testitems at the indicated concen-
trations (negative-control, single-split construct wells were plated
at 50 nM) in a 96-well plate in RPMI complete medium. After 4 days,
cells were harvested and stained for flow cytometry. The antibodies
used for staining were: APC anti-CD45 (clone 30-F11, Biolegend, no.
103111); Zombie NIRTM Fixable Viability Kit (Biolegend, no. 423105);
Pacific Blue anti-B220 (RA3-6B2, Biolegend, no.103227); and Brilliant
Violet 421 anti-CD4 (GK1.5, Biolegend, no.100443). All antibodies were
used at 1:100 dilution.

Invivo T cell cis-targeting in Foxp3-GFP mice

Split Neo-2/15 fusion proteins (or intact Neo2 constructs) were admin-
istered daily to nontumor-bearing Foxp3-GFP mice (JAX Stock, no.
006772) for 5 days. Neo2A fusions were injected subcutaneously in
the scruff of the neck while Neo2B fusions, PBS and intact Neo-2/15
constructs wereinjected intraperitoneally. Intact Neo-2/15 fusions were
dosed at 500 pmol (12 pg per mouse per day). Split Neo-2/15 fusions
were dosed at 500 pmol (10 pg per mouse per day) and 250 pmol (4 ug
per mouse per day). On day 6 mice were euthanized, spleen and both
inguinal lymph nodes collected and homogenized into single-cell sus-
pensions (and spleenresuspended briefly in ACK lysis buffer tolyse red
blood cells) and cell populationsinvestigated by flow cytometry using
the following antibodies: APC anti-CD45 (clone 30-F11, Biolegend, no.
103111); Brilliant Violet 421 anti-CD4 (GK1.5, Biolegend, no.100443);
and PE anti-CD8a (53-6.7, Biolegend, no.100707). All antibodies were
used at 1:100 dilution.

CAR-T cellin vitro STATS5 phosphorylation assay

Primary human CD8 T cells were obtained from healthy donors, with
written informed consent for research protocols approved by the
Institutional Review Board of the Fred Hutchinson Cancer Research
Center (FHCRC). Peripheral blood mononuclear cells were isolated
using lymphocyte separation medium (Corning). T cells were iso-
lated using EasySep CD8 negative isolation kits (Stemcell Technolo-
gies). CAR-T cells were generated by stimulation of thawed CD8 with
anti-CD3/CD28 Dynabeads (Gibco) at aratio of three beadstoone T cell,
inmedium supplemented with 50 IU mI™ (3.1 ng ml™) IL-2. The following
day, T cells were transduced with lentivirus encoding anti-CD19 CAR
by spinoculation for 90 mins at 800g or left untransduced. Beads were
removed 5 days post stimulation. CAR" cells were FACS sorted by HER2
transduction marker on day 8.Onday 10, CAR-T cells or untransduced
T cellswere cultured at the indicated concentrations of Neo2 variants
in96-well plates for 12 min. T cells were then methanol fixed, permea-
bilized and stained for pSTATS5 for flow cytometry using pSTAT5-APC
antibody (A17016B.Rec, Biolegend, no. 936902) at 1:200 dilution. The
gating strategy is shown in Supplementary Fig. 10.

Repeated tumor-killing assay by CAR-T cells

NCI-H1975 cells were seeded at 1.1 x 10° per well in octuplet for each
condition in 96-well E-plates (Agilent) and incubated overnight in
the xCelligence Esight instrument (Agilent). Tumor cell growth was
monitored in real time using electricimpedance measurement. The
following day, medium was decanted from the E-plate and 2.2 x 10°
anti-ROR1 CAR-T cells with either a HER2 or CD19 transduction
marker were plated in medium or medium supplemented with 30 nM
aHER2-Neo2A + aHER2-Neo2B, 30 nM aHER2-Neo-2/15 or 50 IU of hIL-2.
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Anti-ROR1 CAR-T cells (Clone R12), with IgG4 hinge CD28 transmem-
brane domain and 41BB CD3z costimulatory domains, were generated
as previously described*. Forty-eight hours post CAR-T cell addition,
CAR-T cells were removed from the E-plate by vigorous pipetting and
transferred to an Eppendorftube. Cells were counted, pelleted by cen-
trifugation and resuspended in medium or medium supplemented with
30 nMaHER2-Ne02A + aHER2-Neo02B, 30 nM HER2-Neo-2/15or 50 IU of
hIL-2. CAR-T cells were then transferred to a fresh E-plate seeded with
NCI-H1975 tumor cells. Replating was performed for a total of four times.

Invivo lymphoma xenograft treatment with CAR-T cell study
Six-to-eight-week-old female NSG mice were obtained from the Jackson
Laboratory, with five mice housed per cage. The temperature of the
housing roomwas 68-75 °F and humidity 40-60%. Mice were provided
with cellulose pellet bedding (Performance BioFresh), irradiated dia-
mond twists as enrichment and nesting material (Envigo) and irradiated
laboratory diet no. 5058. Water bottles were filled with acidified water.
Raji tumor cells (0.5 x 10°) transduced with alentiviral vector encoding
the (ffLuc)-eGFP fusion gene were injected into the tail veins of NSG
mice. CAR-T cellswere produced as described above and expanded as
previously described™ post FACS sorting. Seven days after tumor injec-
tion, lentiviral-transduced anti-CD19 HER2" CAR-T cells (0.8 x 10°) were
infused intravenously into mice. Either tHER2-Neo2A + cHER2-Neo2B
or aEpCam-Neo2A + aEpCam-Neo2B, at 7.5 mg kg, was injected into
the peritoneum on days 1-3, 6-10 and 13-15 post T cell injection. The
FHCRC Institutional Animal Care and Use Committee approved all
mouse experiments.

Statistical analysis

Comparison of fitted curves in cellular phospho-STATS signaling assays
was performed by measuring differencesin EC, values, whichwere con-
sidered statistically significant if their 95% confidence intervals did not
overlap. Forallbar plots, error bars represent +s.d. and individual data
points are shown (as dots) for experiments where n < 5. Comparisons of
weightloss and tumor growth in tumor-bearing mice were performed
using unpaired two-tailed Student’s ¢-test. Comparisons of the survival
of tumor-bearing mice were performed using the log-rank Mantel-Cox
test (95% confidence interval). Unless otherwise noted, the remaining
results were analyzed by one-way ANOVA; if significant (95% confidence
interval), post hoc t-tests were performed comparing groups and P val-
ues adjusted for multiple comparisons are reported. Statistical tests
were performed with GraphPad Prism 9.0 data analysis software.

Software

Protein visualization and protein structure images were generated
using PyMOL 2.0. All flow cytometry data were analyzed using FlowJo
v.9 and v.10. Statistical tests were performed with GraphPad Prism 8.0
and 9.0 data analysis software.

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

Data availability

The original experimental data that support the findings of this work
areavailable fromthe corresponding authors uponrequest. Plasmids
encoding the proteins described in this article are available from the
corresponding authors upon request. The original Neo-2/15 crystal-
lographicstructure canbe accessed at the Protein Data Bank database,
accessionno. 6dg5.
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Extended Data Fig. 1| IL-2 receptor binding and immune cell signaling
activity of Split Neo-2/15 pairs. Binding to immobilized IL-2RBy measured via

biolayer interferometry (left) and STATS phosphorylation response (right) of
YT-1human NK cells for Neo-2/15 (black), one split fragment (blue), a second

split fragment (purple) and the combination of the two split fragments

(magenta). Results are shown for three split pairs: H1 + H32'4 (a); H13 + H2'4

104

(b); and H132’ + H4 (c). The H1 + H32'4 (Ne02A + Ne02B) pair demonstrates the
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optimal conditional activation profile. The calculated EC50 values for the STATS
phosphorylation (a-c, right panels) are: Neo-2/15 0.187 nM; H1 + H32'4 14 nM;
H13 + H2’4 34.6 nM; H132’ + H4 28.3 nM; H1 > 40 pM; H324 > 40 pM; H13 > 40 pM;
H24 > 40 pM; H132’ 171 nM; H4 > 40 pM. *indicates different EC50 values with
non-overlapping 95% confidence interval ranges. Experiments were performed
intriplicate three times with similar results. Data are presented as mean values

+/-s.d.
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Extended Data Fig. 2| Biophysical analyses of split Neo-2/15 fragments Neo2A
andNeo2B. a, Left: Circular dichroism spectra of Neo-2/15 (black) and the Split
Neo-2/15 fragments individually (blue and purple) or in combination (magenta).
Neo2B shows negative ellipticity at 210 and 222 nm, indicating an alpha helical
secondary structure. Right: Thermal melts of each split fragment, monitored

by their signal at 222 nm during heating from 25 °C to 95 °C (heating rate ~2 °C/
min). b, Biolayer interferometry binding analysis of Neo2A binding to Neo2B.
Biotinylated-Neo2A was immobilized on streptavidin-coated tips and analyzed
for binding in the presence of serial dilutions of Neo2B (left panel) or Neo2A

(right panel). The calculated KD between Neo2A and Neo2B is 4.6 pM. Colored
lines represent the concentration of analytes in nM. ¢, Biolayer interferometry
binding analysis of Neo2A binding to Neo2B in the presence of soluble hIL-2R3
and hIL-2Ry. Biotin-Neo2A was bound to Streptavidin-coated tips and analyzed
for binding with serially diluted Neo2B in presence of the soluble IL-2 receptor
subunits hIL-2Rf and hIL-2Ry. The calculated KD for the complex is 50.8 nM.
Colored lines represent equimolar concentrations of Neo2B, hIL-2Rf and hIL-2Ry
innM.
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Extended Data Fig. 3 | Immune cell signaling activity of targeted Split

Neo-2/15 pairs. a-c, STAT5 phosphorylation response in YT-1 human NK cells

following treatment with intact Neo-2/15 or split Neo-2/15 fragments fused
to HER2- or EGFR-targeted DARPins. Results are shown for three split pairs:
H1+H324 (a); H13 + H2'4 (b); and H132’ + H4 (c). All Split Neo-2/15 variants

remain functional after fusion to DARPin targeting domains. The calculated
EC50 values are: (a) Neo-2/15 0.201 nM; aHER2-H14.09 puM; aEGFR-H132’ 4.20 uM;

aHER2-H1+ aEGFR-H32'4 43.9 nM; (b) «HER2-H13 5.51 uM; «EGFR-H2'4 6.73
aHER2-H13 + aEGFR-H2'4 43.9 nM; (¢) tHER2-H132’ 9.87 uM; aEGFR-H4 2.03

BM;
uM;

aHER2-H132’ + aEGFR-H4 3.07 nM; d, Increasing length of the linker separating
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the Neo-2/15 split fragments from the DARPin targeting domain from 15 to 30
amino acids does not affect activity. The calculated EC50 values are: Neo-2/15
0.99 nM; 15residue linker tHER2-H1 + cEGFR-H32'4 68.3 nM; 30 residue linker
aHER2-H1 + aEGFR-H32’4 68.1 nM; H1 + H32'4 67.8 nM. e, Intact Neo-2/15 fused

toHER2-

or EGFR-targeted DARPins retains full activity, as measured by STATS

phosphorylation response in YT-1human NK cells. Experiments were performed
intriplicate three times with similar results. Data are presented as mean values

+/-s.d.*

indicates different EC50 values with non-overlapping 95% confidence

interval ranges.
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Extended Data Fig. 4 | Reconstitution of Split Neo-2/15 targeted to the
surface of transduced K562 cells. a-c, Dilution series of targeted Split Neo-
2/15 variants were evaluated by flow cytometry using the experimental setup
shownin Fig. 2a. Reconstitution of IL-2 receptor binding activity is measured

by recruitment of fluorescently-labeled hIL-2RBy (resulting from a mixture of
IL-2RB, biotinylated IL-2Ry, and PE-conjugated streptavidin). Data are shown for
HER2-targeted intact Neo-2/15 (a) and three split pairs: tHER2-H13 + aEGFR-H2'4
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Extended DataFig. 5| Trans-presentation of split-Neo-2/15 on the surface of aEGFR-Neo2B or other split Neo-2/15 fragment pairs at varying concentrations.
K562 to YT-1cells has limited potency in the absence of animmunological STATS5 phosphorylation of YT-1 cells was observed for high K562:YT-1cell ratios,
synapse. Untransduced HER2-/EGFR- K562 (off-target) cells or double-positive demonstrating trans-activation of immune cells from the surface of target-
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Extended Data Fig. 6 | Split Neo-2/15 shows “AND” logic-gated targeted oPD-L1-Neo2B effectively reconstituted Split Neo-2/15 activity, demonstrating
activity on B16F10 tumor cells overexpressing HER2 and PD-L1. a, Depiction AND logic-gated activity on the engineered B16F10 cells. ¢, Individual tumor
of the invitro assay to determine reconstitution of Split Neo-2/15 binding activity growth data for the efficacy study in mice bearing B16 melanoma cells
on the surface of BI6F10 melanoma cells overexpressing human HER2 and overexpressing murine PD-L1and human HER2 shown in Fig. 3f. PBS (n =12),
murine PD-L1. Reconstitution of Neo-2/15 binding activity on the cell surface is Neo-2/15 (2.6 nmol, n=5),aPD-L1-Ne02A + aPD-L1-Ne0o2B (8 nmol, n =5), atHER2-
measured by recruitment of PE-labeled hIL-2Rfy. Data are presented as mean Neo2A +aPD-L1-Neo2B (8 nmol,n=7).T indicates surviving mice euthanized

values +/-s.d. b, Quantification of Split Neo-2/15 reconstitution on the surface of due to toxicity when the body condition score of the mice was less than or equal
Her2+/PD-L1Hi B16F10 melanoma cells (n = 3). Combination of xtHER2-Neo2Aand  totwoinaccordance with IACUC Standard Procedure.
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Extended Data Fig. 7| Activity of targeted Split Neo-2/15 is restricted to
cells with high surface PD-L1 expression. a, Quantitation of murine PD-L1
expression on B16F10 melanoma cell lines. BI6F10 WT melanoma cells are low
PD-L1expressors, BI6F10 WT stimulated with IFNy are medium expressors,
engineered B16 PD-L1Hi cells are high expressors. Quantitation was performed
using QuantiBRITE phycoerythrin beads. n = 3 technical replicates. Data are
presented as mean values +/-s.d. b, Depiction of the invitro assay to determine
reconstitution of Split Neo-2/15 binding activity on the surface of B16F10
melanoma cells with different levels of PD-L1 expression. PD-L1-targeted Neo2A
and Neo2B fragments are only reconstituted on the surface of B16 cells with high
PD-L1receptor counts. Reconstitution of Neo-2/15 binding activity on the cell
surface is measured by recruitment of PE-labeled hIL-2RBy. ¢, Quantification

of Split Neo-2/15 binding activity on the surface of BI6F10 melanoma cells

with different levels of PD-L1 expression. Active Neo-2/15 on the cell surface

Days post tumor inoculation

is measured by recruitment of PE-labeled hIL-2Rfy. Intact aPD-L1-Neo2/15
showed IL-2RBy binding activity on the surface of cells that were intermediate
and high expressors, whereas the aPD-L1-Neo2A + aPD-L1-Neo2B were only

able toreconstitute on high expressor cells. n =3 technical replicates. Data are
presented as mean values +/-s.d. d, Efficacy study in C57BL/6 ] mice (n = 5/group)
bearing WT B16F10 melanoma cells in the flank. Mice were dosed daily with
therapeutic doses of mIL-2 (13 pg/mouse), Neo-2/15 (10 pg/mouse and 30 pg/
mouse) and aPD-L1-Neo2A + aPD-L1-Neo2B at 200 pg/mouse. All groups were
co-treated with TA99 bi-weekly starting on day 3. Survival analyses performed via
log-rank Mantel-Cox test. Tumor growth analyses were by unpaired, two-tailed t
test. 3 early ulcerated tumors (<500 mm?) removed from this analysis.*indicates
P <0.05;**indicates P <0.01, **indicates P < 0.001, ns = non significant. Data are
presented as mean values +/-s.e.m.
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Extended Data Fig. 9 | CD8-targeted Split Neo-2/15 mediates T cell cis- euthanized and their spleens and lymph nodes were harvested. The CD8:CD4
activation. a-b, Splenocytes from WT C57BL/6 ) mice (n = 3) were cultured ratios in the spleen cells (c) and lymph node cells (d) were quantified by flow
with theindicated Neo-2/15 and Split Neo-2/15 fusion proteins at the indicated cytometry to assess the extent of selective expansion of CD8 + T cells in vivo.
concentrations (control constructs were used at 50 nM). After four days, cells Unpaired two-tailed Student’s ¢-test. ns = non significant. e, Anti-tumor efficacy
were harvested and analyzed by flow cytometry. The change in the ratio of of CD8-specific Split Neo-2/15in a syngeneic mouse model of B16 melanoma.
CD8:CD4 T cells was quantified to measure selective expansion of CD8 + T This efficacy experiment was carried out with the same conditions and in parallel
cells by the targeted constructs (b). c-d, Healthy FoxP3-GFP mice (n = 3 mice, to the study shownin Fig. 4c. Mice shown here were not co-treated with Ta99.
n =2for PBS control) were dosed daily with the indicated constructs. Intact Datain panels b-d are presented as mean values +/-s.d.;aand e (right panel) are
Neo-2/15 fusions, Neo2B fusions, and PBS were administered intraperitoneally, presented as mean values +/-s.e.m.

while Neo2A constructs were given subcutaneously. After 5 days, the mice were

Nature Biotechnology



Article

https://doi.org/10.1038/s41587-022-01510-z

t Tumor killing

CAR-T cell

aROR1 CAR

NCI-H1975 tumor cells

o

o CARHER2t o CAR Her2t+ IL2
o CARCD19t o CARCD19 + Neo-2/15

NCI-H1975 Tumor cell index

© Tumor Only

2.5+
2.0
1.5+
1.0
0.5

0.0

Normalized Tumor Cell Index

0.5 T T T T

— Tumor Only — CAR HER2t
— CARCD19t —CARCD19 + Neo-2/15

Tumor Challenge: 1 Tumor Challenge: 2

1 CAR-T cell proliferation

© CAR HER2t + Neo-2/15

Inactive

| CAR-T cell proliferation
| Tumor killing

NCI-H1975 tumor cells

o CAR HER2t + aHER2-Neo2A + aHER2-Neo2B

CAR CD19t + aHER2-Neo2A + aHER2-Neo2B

CAR-T Cell Counts x 1046

CAR-T cell counts

5=
4
3=
2=
. n
rﬁ-ﬁsﬁ: T
0= .ﬁ@‘:ﬁ T T I
@ < &
S \~°& S S
S & S &
&£ & G &
o> Q> >
N2 o ol S

—— CAR Her2t+ IL2 — CAR HER2t + Neo-2/15 — CAR HER2t + aHER2-Neo2A + aHER2-Neo2B

CAR CD19t + aHER2-Neo2A + aHER2-Neo2B

Normalized Tumor Cell Index

Normalized Tumor Cell Index

30
Time

40
Time
Extended DataFig.10 | CAR-T cells elicit antitumor activity invitroin the
presence of cis-targeted Split Neo-2/15. a-b, Depiction of the assay performed
to determine CAR-T cell proliferation and anti-tumor activity in vitro. tROR1
CAR-T cells were cocultured with NCI-H1975 tumor cells in presence or absence
of cis-targeted Split Neo-2/15. CAR-T cells expressing HER2 as transfection
marker (CARHER2t) are effectively cis-activated by acombination of xHER2-
Neo2A and acHER2-Neo2B, which promotes proliferation and anti-tumor activity

Tumor Challenge: 3

Tumor Challenge: 4

3 3
T T
£ £
3 3
= e
o o
£ :
P =
k-3 T
s s
® ©
£ 3
z 05 T T T 1 =z 05 T T T 1
20 25 30 35 40 25 30 35 40 45
Time Time

(a). CAR-T cells expressing CD19 as transfection marker (CAR CD19t) are not
cis-activated by acombination of tHER2-Neo2A and aHER2-Neo2B (b). ¢, End-
point NCI-H1975 tumor cell counts (left) and CAR-T cell counts (right) after each
round of co-culture (40 hours). Cells were co-cultured four consecutive times.
n=2independent cell co-cultures. Data are presented as mean values +/-s.d.d,
Kinetic read of NCI-H1975 tumor cell index on each co-culture tumor challenge
shownin (c, left).
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Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OXXOOOS
o X X OO X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Biolayer interferometry data were acquired on an OctetRED96 (ForteBio). Far-ultraviolet circular dichroism measurements were carried out
with an AVIV spectrometer model 420. In vitro K562 targeting experiments data were acquired on a LSR Il Flow cytometer (BD Biosciences).
In vitro SKOV3, OVCARS, JIMT1 and B16F10 targeting experiments data were acquired on a FACSCelesta cytometer (BD Biosciences). Data for
In-vitro Stat5 phosphorylation experiments were acquired with a CytoFLEX Flow cytometer (Beckman-Coulter). Flow cytometry data for
B16F10 melanoma studies were collected on a SP6800 Spectral Analyzer (Sony Biotechnology). Data for in vitro CAR-T cell in vitro Stat5
phosphorylation were acquired with LSRFortessa™ (BD Biosciences). Cell electrical impedance measurements for in vitro tumor (NCI-H1975
cells) killing experiments was acquired with an xCelligence Esight instrument (Agilent).

Data analysis Biolayer interferometry data were analyzed using ForteBio Data Analysis Software version 9.0.0.10 and plotted using GraphPad Prism (version
8and 9). Cell cytometry data were analyzed using FlowJo (v9 and v10 software. All protein structure images were generated using PyMOL 2.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The original experimental data that supports the findings of this work are available from the corresponding authors upon request. Plasmids encoding the proteins
described in this article are available from the corresponding authors upon request. The original Neo-2/15 crystallographic structure can be accessed at the Protein
Data Bank database, accession number 6dg5.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In vitro Stat5 experiments: Sample size was based on historical data which revealed statistical significance in previous experiments (1-3).

In vitro B16 trans-presentation assay: Sample size was based on historical data for in vitro T cell-tumor cell co-culture assays which revealed
significance in previous experiments (1).

In vitro splenocyte assay: Sample size was based on historical data which revealed statistical significance in previous experiments (1).

Safety study: Sample size was based on historical data for similar IL-2 and Neo-2/15 toxicity experiments (1) which revealed statistical
significance in previous experiments.

In vivo CD8 expansion experiments: Sample size was based on historical data for Neo-2/15 in vivo expansion experiments (1) which revealed
statistical significance in previous experiments.

Melanoma in vivo survival experiments: Sample size was based on historical data for similar efficacy experiments treating with Neo-2/15 (1)
which revealed statistical significance in previous experiments.

Melanoma re-challenge experiment: Sample size was based on historical data which revealed statistical significance in previous experiments.

CAR-T cell experiments: Sample size was based on historical data which revealed statistical significance in prior accepted high impact
manuscripts within the CD19 CAR field such as the following:

e Qin et al., CART cells targeting BAFF-R can overcome CD19 antigen loss in B cell malignancies, Science Translational Medicine, 2019. (Figure
2,3, 4G, D, 5D, E)

o Liu et al., Inclusion of Strep-Tag Il in design of antigen receptors for T cell immunotherapy, Nature Biotechnology, 2016 (Figure 1 D, 2D, 3E -
G)

* Mansilla-Soto et al., HLA-independent T cell receptors for targeting tumors with low antigen density, Nature Medicine, 2022 (Figure 4 Panel
A B,D,G)

1) Silva, D.-A. et al. De novo design of potent and selective mimics of IL-2 and IL-15. Nature 565, 186-191 (2019).

2) Mitra, S. et al. Interleukin-2 activity can be fine tuned with engineered receptor signaling clamps. Immunity 42, 826—-838 (2015).

3) Ring, A. M. et al. Mechanistic and structural insight into the functional dichotomy between IL-2 and IL-15. Nat. Immunol. 13, 1187-1195
2012).

Data exclusions  Biolayer Interferometry binding studies: No data were excluded from the analyses.
In vitro Stat5 experiments: No data were excluded from the analyses.
In vitro B16 trans-presentation assay: No data were excluded from the analysis.
In vitro splenocyte assay: No data were excluded from the analysis.
Safety study: No data were excluded from the analysis.

In vivo CD8 expansion experiments: No data were excluded from the analyses.
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Melanoma in vivo survival experiments: No data were excluded from the analyses.
Melanoma re-challenge experiment: No data were excluded from the analyses.
CAR-T cell experiments: No data were excluded from the analyses.

Replication Biolayer Interferometry binding studies: all binding experiments were performed more than 3 times with different batches of purified protein.
All replication attempts resulted in similar results.

In vitro Stat5 experiments: All STATS phosphorylation studies were performed in triplicate and iterated at least 2 times to ensure
reproducibility. All replication attempts resulted in similar results.

In vitro B16F10 trans-presentation assay: Experiment and conditions were performed in triplicate and repeated a minimum of two times to
ensure reproducibility. All replication attempts resulted in similar results.

In vitro splenocyte proliferation assay: All experiments and conditions were performed in triplicate and repeated twice. All replication
attempts resulted in similar results.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Safety study: The experiment was performed once with enough subjects per group. Findings were supported by additional experiments
testing constructs at other doses.

In vivo CD8 expansion experiments: Experiment and conditions were repeated a minimum of two times to ensure reproducibility. All
replication attempts resulted in similar results.

Melanoma in vivo survival experiments: Experiment and conditions were repeated a minimum of two times to ensure reproducibility.
Melanoma re-challenge experiment: Experiment was not repeated, but multiple subjects were included in each experimental group.

CAR-T cell experiments: experiment was not repeated, but multiple subjects were included in each experimental group.

Randomization  Invitro B16F10 trans-presentation assay: Randomization not relevant as established cell lines were used.
In vitro splenocyte proliferation assays: Splenocytes obtained from randomly selected mice purchased from the Jackson Laboratory.

Safety study: Mice were purchased from the Jackson Laboratory and randomly allocated into experimental groups prior to start of specific
treatments.

In vivo CD8 expansion experiments: FoxP3 mice were purchased from the Jackson Laboratory and bred in-house. The mice were randomly
allocated into experimental groups prior to start of specific treatments.

Melanoma in vivo survival experiments: Mice used in the in vivo experiments were purchased from the Jackson Laboratory. They were given
tumors and then randomized after tumor injection into experimental groups prior to start of specific treatments.

Melanoma re-challenge experiment: Mice in the re-challenge cohort were pooled from survivors from different experiments that received
TA99 + anti-PD-L1 splits treatment. Mice in the control cohort were randomly selected from large selection of mice purchased from the
Jackson Laboratory. 5 melanoma cured mice and 5 melanoma naive mice were pooled, quickly inoculated with tumors in a random order, and
then randomly separated into two boxes. The melanoma cured mice were already earmarked, which allowed for tracking of the experimental
groups overtime.

In vitro Stat5 experiments: Randomization not relevant because established cell lines were used.

CAR-T cell experiments: NSG mice used in the in vivo experiments were acquired from the Jackson laboratory. They were given tumors and
then randomized after tumor injection into experimental groups prior to start of specific treatments.

Blinding Investigators were not blinded to the treatment groups because the investigators administering daily dosing were the same ones analyzing
the results.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Imvalved in the study nfa | Involved in the study

[<] Antibodies BJ|[] chip-seq

B<] Eukaryotic cell lines L1164 Flow cytometry

[ ] Palaeontalogy and archaealogy B4|[] MRi-based neuroimaging
[B<] Animals and other organisms

E Human research participants

[] Clinical data

[] Dual use research of cancern
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Antibodies

Antibodies used In vitro Stats experiments:
= Alexa Fluor® 64 7-conjugated mouse anti-5TATS pY&94 (BD Biosclences, 612599, Clone 47/5tat5(py&94)). 1:50 dilution.
- BV421-conjugated anti-CD132 antibody (BD Biosciences, 566222, Clone AG184). 1:50 dilution.
- P-stat5-APC |A170168.Rec, Biolegend, Cat # 936902) used at 1:200 dilution,

Alewiwins Buiy

In vivo CD& expansion experiments {Biclegend Antibodies):

- APC anti-CD45 (clone 30-F11, catalog no. 103111). Used at 1:100 dilution.
= Brilliant Violet 421 anti-CD4 (GK1.5, 100443). Used at 1:100 dilution.

- PE anti-CD8a (53-6.7, 100707). Used at 1:100 dilution.

In witre aCDE split splenocyte assays (Biolegend Antibodies):

- APC anti-CD45 (clone 30-F11, catalog no. 103111). Used at 1:100 dilution.

- Zombie MIRTM Fixable Viability Kit [catalog no. 423105), Used at 1:100 dilution,
= Pacific Blue anti- B220 [RA3-6B2,103227). Used at 1:100 dilution.

- Brilliant Violet 421 anti-C04 [GK1.5, 100443). Used at 1:100 dilution.

In witre B1E Trans presentation assays (Biolegend Antibodies):

- Pacific Blue anti-CD8a (clone 53-6.7, catalog no. 100728). Used at 1:100 dilution.
- Alexa Fluor ® anti-C025 (clone PC61, 102017). Used at 1:100 dilution.

- PE antl-CD6&9 {clone H1.2F3, 104508). Used at 1:100 dilution.

In vive aPDL1 melanoma experiments (Biclegend Antibodies):

- Alexa Fluor * 488 antl-C025 [clene PCEL, cataleg no. 102018). Used at 1:100 dilution.
- PEfCyanine 7 anti-CDE3 (H1.2F3, 104511). Used at 1:100 dilution.

- Pacific Blue anti-CD&a (53-6.7, 100728). Used at 1:100 dilution.

- Brilliant Violet 510 anti-CD4 (RM4-5, 100553). Used at 1:100 dilution.

- Brilliant Violet 711 anti-CD45 (30-F11, 103147). Used at 1:100 dilution.

In wiveo safety Study

- Alexa Fluor ® 488 anti-CO25 (clone PCEL, catalog no. 102018). Used at 1:100 dilution.
- PE antl-CDE3 (H1.2F3, 104508}, Used at 1:100 dilution.

- Pacific Blue anti-CD4 (GK1.5, 100428). Used at 1:100 dilution.

- Brilliant Violet 711 anti-CD45 (30-F11, 103147). Used at 1:100 dilution.

- Brilliant Violet 785 anti-CD8a (53-6.7, 100749). Used at 1:100 dilution.

Surface receptor guantification:

- human EGFR [A¥13, Biolegend, catalogue no. 352903) 1:200 dilution.
= human EpCAM (3C4, Biolegend, catalogue # 324205), 1:200 dilution.
- human HERZ (2403, Biclegend, catalogue # 324405), 1:200 dilution.
- muring PR-L1 (MIHY, Biolegend, catalogue # 155404], 1:200 dilution,

Walidation All listed antibodies were valldated by the respective manufacturer as can be observed on the manufacturer's website.

In witro StatS experiments; Alexa Fluor® 647-conjugated mouse anti-5TATS pY634 (BD Biosciences, 612599, Clone 47/5tat5(py6e04).
Antibody was used at a saturating concentration of 1:50 based on titrations centered around manufacturer recommendations. The
antibody was validated using appropriate positive [cytokine-stimulated cells) and negative {unstimulated cells) contrals, consistent
with manufacturer validation an the product website: https:/fwww.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/alexa-fluor-647-mouse-antl-stat5-py6od. 612599,

- BVd}1-conjugated anti-CD132 antibody (BD Biosciences, 566222, Clone AG184)

Antibody was used at a saturating concentration of 1:50 based on titrations centered around manufacturer recommendations. The
antibody was validated using appropriate positive [3c-expressing] and negative ([common gamma-nonexpressing) controls, consistent
with manufacturer validation on the website: https:/fwww.bdbiosciences.com/en-us/praducts/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/bvd 2 1-mouse-anti-human-cd 132 566222

P-stat5-APC (A17016B.Rec, biolegend) used at 1:200.

Antibody was used at a saturating concentration of 1:200 basad on titrations centered around manufacturer recommendations. The
antibody was valldated using human CD8 T cells that were serurm starved for 3 hours and post stimulation with 1001Us of IL2 for




12mins or without IL2 treatment (negative control). The antibody staining was consistent with manufacturer’s product information
stated on the website: https://www.biolegend.com/en-us/products/apc-anti-stat5-phospho-tyr694-antibody-20812

In vivo CD8 expansion experiments (Biolegend Antibodies):

- APC anti-CD45 (clone 30-F11, catalog no. 103111)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD45+ cells) and negative (CD45- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/search-results/apc-anti-mouse-cd45-antibody-97?GrouplD=GROUP20

- Brilliant Violet 421 anti-CD4 (GK1.5, 100443)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD4+ cells) and negative (CD4- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail /brilliant-violet-42 1-anti-mouse-cd4-antibody-7142

- PE anti-CD8a (53-6.7, 100707)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD8+ cells) and negative (CD8- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/pe-anti-mouse-cd8a-antibody-155

In vitro aCD8 split splenocyte assays (Biolegend Antibodies):

- APC anti-CD45 (clone 30-F11, catalog no. 103111)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD45+ cells) and negative (CD45- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/search-results/apc-anti-mouse-cd45-antibody-97?GrouplD=GROUP20

- Zombie NIRTM Fixable Viability Kit (catalog no. 423105)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (live and proliferating cells) and
negative (fixed cells) controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on
the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/zombie-nir-fixable-viability-kit-8657

- Pacific Blue anti- B220 (RA3-6B2,103227)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (B220+ cells) and negative (B220- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/pacific-blue-anti-mouse-human-cd45r-b220-
antibody-2857

- Brilliant Violet 421 anti-CD4 (GK1.5, 100443)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD4+ cells) and negative (CD4- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail /brilliant-violet-42 1-anti-mouse-cd4-antibody-7142

In vitro B16 Trans presentation assays (Biolegend Antibodies):

- Pacific Blue anti-CD8a (clone 53-6.7, catalog no. 100728)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD8+ cells) and negative (CD8- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/pacific-blue-anti-mouse-cd8a-antibody-2856

- Alexa Fluor ® anti-CD25 (clone PC61, 102017)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (cytokine-stimulated cells) and negative
(unstimulated cells) controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the
product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/alexa-fluor-488-anti-mouse-cd25-antibody-2706

- PE anti-CD69 (clone H1.2F3, 104508)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (cytokine-stimulated cells) and negative
(unstimulated cells) controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the
product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/pe-anti-mouse-cd69-antibody-265

In vivo aPDL1 melanoma experiments (Biolegend Antibodies):

- Alexa Fluor ® 488 anti-CD25 (clone PC61, catalog no. 102018)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (cytokine-stimulated cells) and negative
(unstimulated cells) controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the
product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/alexa-fluor-488-anti-mouse-cd25-antibody-2706

- PE/Cyanine 7 anti-CD69 (H1.2F3, 104511)
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Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (cytokine-stimulated cells) and negative
(unstimulated cells) controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the
product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/pe-anti-mouse-cd69-antibody-265

- Pacific Blue anti-CD8a (53-6.7, 100728)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD8+ cells) and negative (CD8- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/pacific-blue-anti-mouse-cd8a-antibody-2856

- Brilliant Violet 510 anti-CD4 (RM4-5, 100553)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD4+ cells) and negative (CD4- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/brilliant-violet-510-anti-mouse-cd4-antibody-10707

- Brilliant Violet 711 anti-CD45 (30-F11, 103147)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD45+ cells) and negative (CD45- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/brilliant-violet-711-anti-mouse-cd45-
antibody-10439

In vivo Toxicity Study

- Alexa Fluor ® 488 anti-CD25 (clone PC61, catalog no. 102018)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (cytokine-stimulated cells) and negative
(unstimulated cells) controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the
product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/alexa-fluor-488-anti-mouse-cd25-antibody-2706

- PE anti-CD69 (H1.2F3, 104508)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (cytokine-stimulated cells) and negative
(unstimulated cells) controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the
product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/pe-anti-mouse-cd69-antibody-265

- Pacific Blue anti-CD4 (GK1.5, 100428)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD4+ cells) and negative (CD4- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/pacific-blue-anti-mouse-cd4-antibody-3316

- Brilliant Violet 711 anti-CD45 (30-F11, 103147)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD45+ cells) and negative (CD45- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/brilliant-violet-711-anti-mouse-cd45-
antibody-10439

- Brilliant Violet 785 anti-CD8a (53-6.7, 100749)

Antibody was used at a 1:100 dilution. The antibody was validated using appropriate positive (CD8+ cells) and negative (CD8- cells)
controls as well as with a concentration-matched isotype control, consistent with manufacturer validation on the product website:
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/brilliant-violet-785-anti-mouse-cd8a-antibody-7957

PE human EGFR (AY13, Biolegend, cat # 352903)

Antibody was used at a saturating concentration of 1:XXX based on titrations centered around manufacturer recommendations. The
antibody was validated by comparing staining on human T cells that were transduced to overexpress EGFR and untransduced human
T cells (negative control).

PE human Her2 (24D2, Biolegend, cat # 324405)

Antibody was used at a saturating concentration of 1:200 based on titrations centered around manufacturer recommendations. The
antibody was validated by comparing staining on human T cells that were transduced to overexpress Her2 and untransduced human
T cells (negative control).

PE Human Epcam (9C4, Biolegend, catalogue # 324205)

Antibody was used at a saturating concentration of 1:200 based on titrations centered around manufacturer recommendations. The
antibody was validated by comparing staining on NCI-1975 cells, which are published to express EPCAM, against negative isotype
controls and human T cells.

PE Murine PD-L1 (MIH7, Biolegend, cat # 155404)

Antibody was used at a saturating concentration of 1:200 based on titrations centered around manufacturer recommendations. The
antibody was validated by comparing staining on B16F10 murine cells that were transduced to overexpress murine PD-L1 and
untransduced B16F10 cells.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

In vitro Stat5 experiments: YT-1 cells were provided by Yodoi (Yodoi, J. et al. TCGF (IL 2)-receptor inducing factor(s). I.
Regulation of IL 2 receptor on a natural killer-like cell line (YT cells). J. Immunol. 134, 1623-1630 (1985)). K562 cells were
purchased from ATCC. K562 cell lines engineered to express EGFR-iRFP, Her2-eGFP, or both were generated as described
previously (Lajoie, M. J. et al. Designed protein logic to target cells with precise combinations of surface antigens. Science
369, 1637-1643 (2020)).

In vitro & in vivo B16 experiments: B16 F10 cells were purchased from ATCC. These cells were used to generate the PD-L1
overexpressing B16 cells and stored in house as described in Xie, Y. J. et al. Nanobody-based CAR T cells that target the tumor
microenvironment inhibit the growth of solid tumors in immunocompetent mice. Proc. Natl. Acad. Sci. U. S. A. 116, 7624—
7631 (2019).

CART cell experiments: Primary human CD8 T cells were obtained from healthy donors with written informed consent for
research protocols approved by the Institutional Review Board of the Fred Hutchinson Cancer Research Center. Raji cells
were purchased from ATCC and transduced with a lentiviral vector encoding the FLuc-eGFP fusion gene.

NCI-H1975, SKOV3, OVCARS and JIMT-1 cells were purchased from ATCC.

293-6E (human embryonic kidney) cell lines were provided by Proteos, Inc. and cultured in F17 supplemented with 0.1%
Pluronic F-68, 4 mM GlutaMAX, 25 ug/mL G418.

ATCC provided authentication for cell lines. Expression of transduced receptors fused to fluorescent proteins was monitored
by flow cytometry. PD-L1 overexpression was validated by flow cytometry. Raji ff-luc cells were validated by measuring GFP
expression by flow cytometry. H1975 cells were purchased from ATCC, evaluated for the right morphology by microscopy
and grown in RPMI+5% FBS+ 10U/ml of pen/strep. Cells were trypsinized and split every three days to avoid confluency. The
YT-1 cells were phenotyped by quantifying IL-2Ralpha, IL-2Rbeta, and common gamma expression compared to previous
studies (1,2). Primary CAR-T cells or untransduced were validated by flow cytometry for truncated Her2 expression
(transduction marker) or lack of expression prior to experiments.

B16F10 cell lines were obtained from American Type Culture Collection (ATCC). These cells were used at limited passage and
were authenticated by morphology in tissue culture and by growth kinetics and appearance after inoculation into mice.

Mouse Trp-1 specific CD8 T cells are validated through flow cytometry staining of the peripheral blood with anti-CD8 and
Trp-1 tetramers.

(1) Mitra, S. et al. Interleukin-2 activity can be fine tuned with engineered receptor signaling clamps. Immunity 42, 826-838
(2015).

(2) Ring, A. M. et al. Mechanistic and structural insight into the functional dichotomy between IL-2 and IL-15. Nat. Immunol.
13, 1187-1195 (2012).

Mycoplasma contamination All cells tested negative for mycoplasma contamination via PCR assay.

Commonly misidentified lines  None.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Safety study: Female wild-type C57BL/6) mice aged 6-8 weeks were purchased from The Jackson Laboratory and used in the
experiments. Mice were housed in rooms with temperatures between 68 to 75 degrees F. Humidity levels are maintained between
30 and 70 percent. Animal rooms are on 12:12 light:dark cycles.

In vivo CD8 expansion experiments: FoxP3-GFP mice were purchased from The Jackson Laboratory and used to breed mice in-house.
Female mice aged 6-8 weeks were used in the experiments. Mice were housed in rooms with temperatures between 68 to 75
degrees F. Humidity levels are maintained between 30 and 70 percent. Animal rooms are on 12:12 light:dark cycles.

Melanoma in vivo survival experiments: Female wild-type C57BL/6J mice aged 6-8 weeks were purchased from The Jackson
Laboratory and used in the experiments. Mice were housed in rooms with temperatures between 68 to 75 degrees F. Humidity levels
are maintained between 30 and 70 percent. Animal rooms are on 12:12 light:dark cycles.

Melanoma re-challenge experiment: Female wild-type C57BL/6) mice were purchased from The Jackson Laboratory and used in the
experiments. Mice were 12-20 weeks of age. Mice were housed in rooms with temperatures between 68 to 75 degrees F. Humidity
levels are maintained between 30 and 70 percent. Animal rooms are on 12:12 light:dark cycles.

Car-T cell in vivo experiments: Six-to-eight-week-old female NSG mice were obtained from the Jackson Laboratory. Five mice were
housed per cage. Temperature of the housing room was between 68 to 75 F degrees and humidity was between 40 to 60%. Mice
were provided with cellulose pellets bedding (Performance BioFresh™), irradiated diamond twists as enrichment & nesting material
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(Envigo), and irradiated lab diet #5058. Water bottles were filled in house with acidified water. Animal rooms are on 12:12 light:dark
cycles.

Wild animals None.
Field-collected samples  None.

Ethics oversight All mouse procedures were ethically approved by the Institutional Animal Care and Use Committee (IACUC) at the Dana Farber
Cancer Institute and the Fred Hutchinson Cancer Institute and The FHCRC Institutional Animal Care and Use Committee approved all
mouse experiments conducted at the Fred Hutchinson Cancer Research Center

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Primary human CD8 T cells were obtained from healthy donors for the CAR T cell experiments.
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Male or female > 18 years of age, whom did not:

¢ 1) Weigh less than 110 pounds

¢ 2) Have donated blood or white blood cells in the past 2 months
¢ 3) Are anemic, pregnant or nursing

¢ 4) Have hepatitis or HIV

¢ 5) Are taking blood thinning or immunosuppressive medication
¢ 6) Have a cold, flu, or other infection

¢ 7) Have low blood pressure

¢ 8) Are participating in other studies such as vaccine trials

Recruitment Potential donors are recruited by flyers or donor referrals. Study volunteers will go through a screening process to determine
eligibility. Eligible donors will be assigned a unique de-identified code when added to the donor database upon study
enroliment. We do not anticipate potential recruitment biases to impact results as long as the participant met the criteria
outlined in the population characteristics.

Ethics oversight The Fred Hutchinson Cancer Center Institutional Review Board

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation In vitro cell-targeting experiments: The four K562 cell lines (Engineered K562 tumor cell lines transduced for expression of
Her2+/eGFP+, EGFR+/iRFP+ or Her2+/eGFP+ and EGFR+/iRFP+ surface markers) were mixed in equivalent ratios. The cell
mixtures were washed with flow buffer (20 mM Tris pH 8.0, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2 and 1% BSA) and
aliquoted into V-bottom plates with 200,000 cells/well. Serially diluted Split Neo-2/15 fusion proteins were made from
concentrated stocks, and then added to the cells in a 50 pl volume and incubated for 30 minutes. Subsequently, the cells
were washed with 150 ul of flow buffer and incubated with a mixture of biotinylated human IL-2Ry (Acro Biosystems Cat no.
ILG-H85E8), human IL-2RB (Acro Biosystems Cat no. CD2-H5221) and a fluorescent streptavidin-phycoerythrin conjugate (SA-
PE, Invitrogen) for 15 minutes. Data were acquired on a LSRII (BD Biosciences) or a FACSCelesta (BD Biosciences).

In-vitro Stat5 experiments: Approximately 2x1075 YT-1 cells were plated in each well of a 96-well plate and re-suspended in
RPMI complete medium containing serial dilutions of targeted or untargeted intact or split Neo-2/15 proteins. Cells were
stimulated for 20 min at 372C and immediately fixed by addition of formaldehyde to 1.5% and 10 min incubation at room
temperature. After fixation, cells were permeabilized by resuspension in ice-cold 100% methanol for 30 min on ice. Fixed and
permeabilized cells were washed twice with PBSA buffer (phosphate-buffered saline [PBS] pH 7.2 containing 0.1% bovine
serum albumin) and then incubated with Alexa Fluor® 647-conjugated anti-STATS pY694 antibody (BD Biosciences) diluted
1:50 in PBSA buffer for 2 hr at room temperature. Cells were washed twice in PBSA buffer and Alexa Fluor® 647 was
measured on a CytoFLEX flow cytometer (Beckman-Coulter). For co-culture assays, Approximately 2x1075 YT-1 cells and the
indicated ratio (K562:YT-1=20:1, 6:1, or 2:1) of K562 cells (Her2+/EGFR+ or Her2-/EGFR-) were used in each well for trans-
activation studies. K562 cells were plated in each well of a 96-well plate and re-suspended in RPMI complete medium
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containing serial dilutions of split Neo-2/15 proteins. Cells were incubated for 30 min at 372C and then washed once with
PBSA buffer. YT-1 cells were added to each well and co-cultured with K562 cells for 30 min at 372C. Cells were stained with
BV421-conjugated anti-CD132 antibody (BD Biosciences) for 30 min at 42C and washed once with PBSA buffer. After the
wash, immediately fixed by addition of formaldehyde to 1.5% and 10 min incubation at room temperature. After fixation,
cells were permeabilized by resuspension in ice-cold 100% methanol for 30 min on ice. Fixed and permeabilized cells were
washed twice with PBSA buffer (phosphate-buffered saline [PBS] pH 7.2 containing 0.1% bovine serum albumin) and then
incubated with Alexa Fluor® 647-conjugated anti-STATS pY694 antibody (BD Biosciences) diluted 1:50 in PBSA buffer for 2 hr
at room temperature. Alexa Fluor® 647 fluorescence on YT-1 (gated on the anti-CD132 antibody) cells was measured on a
CytoFLEX flow cytometer (Beckman-Coulter).

In vitro B16 trans-presentation assay: Cells were gently pipetted off, washed once with PBS, the cell pellet was resuspended
and stained in PBS with 2% inactivated fetal calf serum for 20 min, washed once more with PBS, and analyzed.

In vitro splenocyte assay: Cells were gently pipetted off, washed once with PBS, the cell pellet was resuspended and stained
in 2% inactivated fetal calf serum for 20 min, washed once more with PBS, and analyzed.

Safety study: Cell suspensions from spleens were washed once with PBS, the cell pellet was resuspended and stained in 2%
inactivated fetal calf serum for 20 min, washed once more with PBS, and analyzed.

In vivo CD8 expansion experiments: Cell suspensions from lymph nodes and ACK lysed spleens were washed once with PBS,
the cell pellet was resuspended and stained in 2% inactivated fetal calf serum for 20 min, washed once more with PBS, and
analyzed.
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Melanoma in vivo survival experiments: Cell suspensions from spleens, lymph nodes were washed once with PBS, the cell
pellet was resuspended and stained in 2% inactivated fetal calf serum for 20 min, washed once more with PBS, and analyzed.
Peripheral blood was collected in ACK lysis buffer, quenched with PBS after 1 min, washed, resuspended in ACK lysis buffer
again for 1 min, washed once, and then resuspended and stained in 2% inactivated fetal calf serum for 20 min, washed once
more with PBS, and analyzed.

CAR-T cell in vitro pSTATS experiment: CAR-T cells or T cells were starved with media without IL-2 for 4 hours and stimulated
with Neo2/15 variants for 12min. Cells were then fixed with BD Fix buffer | at 37degrees for 10min then permeabilized with
BD PERM buffer IIl on ice for 30min. Cells were washed twice and stained with pSTAT-PE antibody at 1:250 dilution for 30min
at 4degrees. Cells were washed twice and resuspended in 50ul of wash buffer for flow cytometry.

Instrument In vitro K562 targeting experiments data were acquired on a LSR Il Flow cytometer (BD Biosciences). In vitro SKOV3, OVCARS,
JIMT1 and B16F10 targeting experiments data were acquired on a FACSCelesta cytometer (BD Biosciences). Data for In-vitro
Stat5 phosphorylation experiments were acquired with a CytoFLEX Flow cytometer (Beckman-Coulter). Flow cytometry data
for B16 melanoma studies were collected on a SP6800 Spectral Analyzer (Sony Biotechnology). Data for in vitro CAR-T cell in
vitro Stat5 phosphorylation were acquired with LSRFortessa™ (BD Biosciences).

Software In-vitro Stat5 experiments: BD FACSDiva or CytExpert Software were used for sample collection, FlowJo v10 was used to
analyze data and Graphpad Prism 8 was used to plot the results.

Cell population abundance CAR-T cell in vitro pSTATS experiment: CAR-T cells were sorted two days prior to assay based on truncated Her2 expression.
Her2+ cells were about 50% of the entire live population.

Gating strategy In vitro cell-targeting experiments: Cell populations were identified based on forward/side scatter profiles and singlets were
discriminated using forward scatter area versus height plots. The four engineered K562 tumor cell lines transduced for
expression of EGFR-iRFP, Her2-eGFP, both, or neither were identified by gating the cells for expression of eGFP and iRFP.
Gating examples are shown in the supplementary information figures.

In-vitro Stat5 experiments: Cell populations were identified based on forward/side scatter profiles and singlets were
discriminated using forward scatter area versus height plots. in co-culture assays, YT-1 cells were identified as iRFP-/eGFP-/
CD132+. Gating examples are shown in the supplementary information figures.

In vitro B16 trans-presentation assay: T cells were identified based on forward/side scatter profiles and singlets were
discriminated using forward scatter area versus height plots. After further confirmation via CD8+ gating, their CD25 and CD69
expression were quantified.

In vitro splenocyte assay: Live cells were identified based on forward/side scatter profiles and lack of Zombie NIR dead dye
staining. B220+ cells were gated out, and on the remaining B220- cells, TCRbeta and CD4 were plotted to identify CD4 (+/+)
and CD8 (+/-) populations, which were then quantified.

In vivo aCD8 and aPDL1 split mouse experiments: Lymphocytes were identified based on forward/side scatter profiles and
singlets were discriminated using forward scatter area versus height plots. After CD45+ gating, the fraction of CD4 and CD8
cells were quantified. If relevant, CD25 and CD69 expression of the CD4 and CD8 populations were quantified.

CAR-T cell in vitro pSTATS experiment: Cell populations were identified based on forward/side scatter profiles and singlets
were discriminated using forward scatter area versus height plots. T cells were gated based on standard lymphocyte gating.
pSTATS positive cells were gated based on unstimulated control.
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