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Abstract

Immunogenic cell death (ICD) is the process by which
certain cytotoxic drugs induce apoptosis of tumor cells in a
manner that stimulates the immune system. In this study, we
investigated whether antibody–drug conjugates (ADCS) con-
jugated with pyrrolobenzodiazepine dimer (PBD) or tubulysin
payloads induce ICD, modulate the immune microenviron-
ment, and could combine with immuno-oncology drugs to
enhance antitumor activity. We show that these payloads on
their own induced an immune response that prevented the
growth of tumors following subsequent tumor cell challenge.
ADCs had greater antitumor activity in immunocompetent
versus immunodeficient mice, demonstrating a contribution
of the immune system to the antitumor activity of these ADCs.
ADCs also induced immunologic memory. In the CT26 model,
depletion of CD8þ T cells abrogated the activity of ADCs when

used alone or in combination with a PD-L1 antibody, confirm-
ing a role for T cells in antitumor activity. Combinations of
ADCs with immuno-oncology drugs, including PD-1 or PD-L1
antibodies, OX40 ligand, or GITR ligand fusion proteins, pro-
duced synergistic antitumor responses. Importantly, synergy
was observed in some cases with suboptimal doses of ADCs,
potentially providing an approach to achieve potent anti-
tumor responses while minimizing ADC-induced toxicity.
Immunophenotyping studies in different tumor models reveal-
ed broad immunomodulation of lymphoid and myeloid cells
by ADC and ADC/immuno-oncology combinations. These
results suggest that it may be possible to develop novel com-
binatorial therapies with PBD- and tubulysin-based ADC and
immuno-oncology drugs that may increase clinical responses.
Cancer Res; 77(10); 2686–98. �2017 AACR.

Introduction
Cancer immunotherapy has revolutionized the way patients

with cancer are being treated. Checkpoint inhibitor monoclonal
antibodies against CTLA-4 and PD-1 have demonstrated clinical
efficacy in multiple tumor types (1, 2). Several other immuno-
oncology drugs are being developed that modulate both adaptive
and innate immunity, and it has been hypothesized that combi-
natorial immuno-oncology strategies will provide more clinical
benefit (3–5). Indeed, combinations of PD-1 and CTLA-4 anti-
bodies have led to improved response rates and survival (6).
However, there are still significant patient populations that do not

respond to single-agent or immuno-oncology combinations.
Many studies have focused on combining immuno-oncology
drugs with cancer therapies that elicit immunogenic cell death
(ICD) to improve response rates. ICD is the process whereby cells
undergo apoptosis in a manner that results in the release of
antigenic molecules that trigger an immune response (7). Radi-
ation and certain chemotherapies, such as anthracyclines and
oxaliplatin, induce ICD and combining liposomal doxorubicin
with various immuno-oncologydrugs led to synergistic antitumor
responses in syngeneic mouse models (8–11). Targeted small-
molecule therapeutics such asMEK and BRAF inhibitors have also
been investigated in this regard, although it is not clear whether
these agents induce ICD (12–15).

Recently, it has been hypothesized that combining immuno-
oncology drugs with antibody–drug conjugates (ADC) could
enhance antitumor responses and result in increased clinical
benefit (16). ADCs combine the tumor-targeting specificity of an
antibody with the potent cytotoxicity of small-molecule war-
heads, and this approach has been clinically validated with two
ADCs currently marketed and an additional 50 being evaluated
in clinical trials (17, 18). Certain ADC payloads have been
identified that possess immunomodulatory activity. The may-
tansinoid ansamitocin P3 and dolastatins, from which aurista-
tins are derived, induce dendritic cell maturation and secretion
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of pro-inflammatory cytokines and increase T-cell priming and
antitumor activity when combined with blockade of the PD-1/
PD-L1 and CTLA-4 pathways (19, 20). In addition, a recent
study has demonstrated that T-DM1, an FDA-approved ADC
targeting HER2þ tumors carrying the maytansine payload DM1,
produced immune responses in patients with breast cancer
treated in the clinic, and preclinically produced synergistic
antitumor activity in vivo when combined with co-blockade of
the CTLA-4 and PD-1 pathways (21). Taken together, these
studies provide initial proof-of-concept that combining ADC
and immuno-oncologys could produce strong antitumor effects.

In this report, we have investigated two additional ADC
payload classes with varied mechanisms of action, pyrrolo-
benzodiazepines (PBD) and tubulysins, for their role in
immunomodulation. PBDs are derivatives of naturally occur-
ring antibiotics that bind in the minor groove of DNA forming
inter- and intrastrand cross-linked adducts (22). Tubulysins
are antimitotic agents that function to depolymerize micro-
tubules (23). These compounds have been shown to be
extremely potent as ADC payloads but little is known about
their immunomodulatory functions (24, 25). Our studies
reveal that both of these ADC payloads induce ICD, immu-
nologic modulation and memory, and synergistic antitumor
efficacy when combined with several different immunothera-
pies in mouse models.

Materials and Methods
Antibodies, reagents, and cell lines

All cell lines were obtained from ATCC except for the
MCA205 cells, which were a gift from Andy Weinberg. CT26,
4T1, andMCA205 cells were grown in RPMI supplemented with
10% FBS. Renca cells were maintained in EMEM supplemented
with 10% FBS. All cells were obtained between 2010 and 2013.
Upon receipt, cell lines were re-authenticated using STR-based
DNA profiling and multiplex PCR (IDEXX Bioresearch) and
deposited in a central bank at MedImmune. PD-1 (RMP1-14),
PD-L1 (10F.9G2), CD4 (GK1.5), and CD8 (53-6.7) antibodies
were obtained from BioXCell. Mouse OX40 ligand fusion
protein (OX40L FP) and mouse GITR ligand fusion protein
(GITRL FP) were produced by MedImmune. To generate OX86
mIgG2a antibody, the OX86 hybridoma was purchased from
Sigma (26). The Fc domain was then re-engineered to mouse
IgG2a format by MedImmune (27). To generate the PD-L1
mIgG1 antibody, rats were immunized with recombinant
mPDL1 Fc (R&D Systems #1019-B7). Rat lymph node samples
were prepared and hybridomas established. Hybridoma super-
natants were screened for binding to mPD-L1 protein using a
Homogeneous Time Resolved Fluorescence assay, and clone
80 was selected on the basis of its desired specificity. Antibody
variable genes were sequenced and the constant domain of the
antibody exchanged to mouse IgG1 and expressed using a
mammalian cell–based system. Anti-CTLA-4 antibody (9D9)
was cloned and reformatted into a mouse IgG1 isotype (28).
The anti-EphA2 antibody used in these studies has been previ-
ously described (29). The IGF1R antibody was generated via
phage display selection using na€�ve human antibody libraries
(30). Multiple rounds of phage display selection were per-
formed using human and mouse IGF-1R extracellular domain
(R&D Systems). ScFv specific for human and mouse IGF1R were
converted to IgG and profiled.

Vaccination with warhead-treated cells
CT26 cells were treated with either 400 nmol/L methylmep-N-

ethyl-tubulysinaniline (MMETA, tubulysin) or 8 nmol/L SG3199
(PBD) for 24 hours so that the cells were committed to cell death
(as assessed by lack of growth in replating experiments) but still
more than 95% viable. A total of 5 � 105 treated cells were
inoculated into the right flank of BALB/c. Seven days later, 3� 106

cells were implanted into the left flank. Controls included cells
treatedwith 75-Gy radiation or taken through 3 freeze thaw cycles
(necrotic).

AH1 restimulation assay
Spleens frommice that achieved complete response (CR) from

ADC treatment were processed, and cells were plated at 2 � 106

cells perwell in a 96-well plate. The cells were incubatedwith AH1
peptide (Anaspec #64798) at 10 mg/mL along with protein
transport inhibitors (Ebioscience #00-4980-93) for 4 hours fol-
lowedby evaluationbyflowcytometry. Thepercentage ofCD45þ/
CD8þ or CD45þ/CD4þ that were also TNFaþ and/or IFNgþwere
then analyzed.

Site-specific conjugation of warheads to generate ADCs
The PBD and tubulysin payloads were site specifically conju-

gated to cysteines engineered into the Fc domain of the antibo-
dies. Reduced glycosylated reverse-phase HPLC (RP-HPLC) and
liquid chromatography-mass spectrometry (LC-MS) were con-
ducted to determine the drug:antibody ratio (DAR) and specificity
of site-specific conjugation. These conjugation reactions produced
ADCs with more than 98% monomer, with a conjugation effi-
ciency of more than 90% correlating to a DAR >1.82.

In vivo efficacy studies
All in vivo studieswere conducted in accordance toAAALAC and

MedImmune IACUCguidelines for humane treatment and care of
laboratory animals, and the general health ofmicewasmonitored
daily. Cells were cultured as monolayers, harvested by trypsiniza-
tion, and implanted subcutaneously into either BALB/c, C57BL/6,
or athymic nude mice (Envigo). For the CT26 and Renca tumor
models, 5 � 105 cells were implanted in the right flank of 6- to
8-week-old female BALB/c mice. For the MCA205 tumor model,
2.5 � 105 cells were implanted in the right flank of 6- to 8-week-
old female C57BL/6mice. For the 4T1 tumormodel, 1� 105 cells
were implanted in the right flank of 6- to 8-week-old female
BALB/c mice. Intraperitoneal dosing of immuno-oncology drugs
in the CT26 model was as follows: anti-PD-L1 (30 mg/kg, 2�/wk
� 4); anti-PD-1 (20 mg/kg; 2�/wk � 4); mouse OX40 ligand
fusion protein (5 mg/kg; 2�/wk � 2); mouse GITR ligand fusion
protein (5mg/kg; 2�/wk� 6). Dosing in theMCA205model was
as follows: mouseOX40L FP (20mg/kg, 2�/wk� 2 doses). In the
Renca model, EphA2-PBDwas dosed at either 0.33 mg/kg, once a
week for 3 doses or a single dose of 1mg/kg. Mouse GITRL FPwas
dosed at 1 mg/kg, 2�/wk for 6 doses. The PD-L1 antibody used
was clone 10F.9G2 unless otherwise specified. In the Renca
model, anti-PD-L1 clone 80 and anti-CTLA-4 antibodies were
dosed at 30mg/kg, twice a week for four doses. ADCs were dosed
by intravenous injection at 10 mL/kg of mouse body weight.
Tumor and body weight measurements were collected twice
weekly, and tumor volume was calculated using the equation
(L � W2)/2, where L and W refer to the length and width
dimensions, respectively. Error bars were calculated as SEM. At
the beginning of treatment, mice were randomized by tumor
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volume and were dosed when tumors reached 150 to 200 mm3,
with the exception of GITRL FP in the CT26 model, which was
dosed when tumors reached about 300 mm3.

Depletion studies
In the CT26 model, CD8 depleting antibody was administered

(8mg/kg) on days 6, 10, 14, and 18 after tumor cell implantation.
EphA2-Tub was dosed at 5 mg/kg and EphA2-PBD was dosed at
0.3 mg/kg on day 11. Anti-PD-L1 was administered at 30 mg/kg
on days 11, 14, 17, and 21. In the Renca model, CD4 and CD8
depleting antibodies were administered at 8mg/kg on day 12, 15,
17, and 20. EphA2-PBD was dosed at 1 mg/kg on day 17.

Hematology studies
Naive 6- to 8-week-old BALB/c or C57Bl/6 mice were injected

with EphA2-Tub (3 mg/kg) or EphA2-PBD (0.1 mg/kg). Blood
was collected 1, 8, 15, and 22 post-dose. Lymphocyte counts were
performed by Smithers Avanza. Blood samples were processed
according to standard SOPs, and lymphocytes were counted using
a Siemens Adiva 120 hematology analyzer.

Pharmacodynamic studies
CT26 cells (5 � 105 cells/mouse) were implanted in the right

flank of 6- to 8-week-old BALB/c female mice. When tumors
were about 150 to 200 mm3, mice were dosed with EphA2-PBD
(0.3 mg/kg), EphA2-Tub (5 mg/kg), anti-PDL1 (10F.9G2, 20
mg/kg), or OX40 monoclonal antibody (OX86, 5 mg/kg). ADCs
were administered as one intravenous dose on day 0. PD-L1
antibody was administered on days 0, 4, 7, and 11, and OX40
antibody was administered on days 0 and 4. On day 5 and day
12 following dosing, spleen and tumor were collected, pro-
cessed, and stained for flow cytometry. For the Renca model,
EphA2-PBD was dosed at 1 mg/kg (single-dose) on day 0, when
tumors were about 150mm3. GITRL FP was dosed on days 0 and
4, 7, and 11. Tumors were harvested on days 5 and 12. Red blood
cells were lysed with ACK solution (Life Technologies). Tumors
were cut into 2-mm3 pieces and digested for 40 minutes using a
Miltenyi Tumor Dissociation Human kit (Miltenyi Biotec).
Tissues were counted for viability and then plated at 1 million
cells per well. Live Dead Blue (Life Technologies) was stained at
1:1,000 for 20 minutes at room temperature and then washed
and blocked using 4% mouse serum for 15 minutes at room
temperature. Antibodies were added and then incubated at 4�C
for 20 minutes in FACS buffer (PBS þ 2% FBS). Cells were then
washed, fixed, and permeabilized using a FOXP3 transcription
kit (Ebioscience). Intracellular stains were applied for 30 min-
utes at room temperature. Cells were then washed and run on
the LSRII or Fortessa Flow Cytometer (BD). Antibodies used for
flow cytometric staining include CD8 (BD, Clone 5H10),
CD11b (BD, Clone M1/70), CD4 (Biolegend Clone RM4-5),
CD11c (Biolegend Clone n418), CD86 (Biolegend, Clone GL-
1), GR-1 (Biolegend, Clone RB6-8C5), MHC-II (Biolegend
Clone M5/114.15.2), F4/80 (Biolegend, Clone BM8), CD69
(Biolegend, Clone H1.2F3), Ki-67 (eBioscience, Clone SolA15),
PD-1 (Ebioscience, Clone J43), FOXP3 (Ebioscience Clone FJK-
16S), CD45 (eBioscience Clone 30-F11), TNF-a (Ebioscience
Clone MP6-XT22, and IFN-g (Clone XMG1.2). Data were ana-
lyzed using FlowJo software (Treestar). Normalized cell counts
were calculated by dividing the total number of live cells in a
gate by the total number of live and dead cells collected (non-
debris) for each sample.

Flow cytometry for cell surface receptors
Adherent CT26, MCA205, 4T1, and Renca cells were removed

with TrypLE Express, resuspended in complete medium, and
then counted using a Vi-Cell XR Cell Viability Analyzer (Beck-
man Coulter). Cells were plated in duplicate in a round-bottom
96-well plate at 1� 105 cells per well and centrifuged at 300� g,
4�C for 4 minutes. Cell pellets were washed in FACS buffer (PBS
þ 2% FBS, 1 mmol/L EDTA) and again centrifuged. Cells were
surface stained with 2.5 mg/mL of EphA2 antibody, 10 mg/mL of
anti-IGFR1 antibody, or 2.5 mg/mL of isotype control antibody
in FACS buffer for 30 minutes on ice. Cells were then washed 3
times in FACS buffer and resuspended in FACS buffer containing
5 mg/mL of goat-anti-human AlexaFluor 647 for 30 minutes on
ice. Cells were washed 3 times and resuspended in FACS buffer
containing 3 mmol/L DAPI. Data acquisition was performed
with a MACSQuant VYB instrument (Miltenyi Biotec) and in-
cluded forward and side scatter, DAPI using the V1 laser settings
(violet: 405 nm; 40 mW; filter 450/50) and AlexaFluor 647
using the Y3 laser settings (yellow–green: 561 nm; 100 mW;
filter 661/20). The photomultiplier tube (PMT) for the Alexa-
Fluor 647 channel was kept constant per experiment.

Immunohistochemistry
Formalin-fixed, paraffin-embedded 5-mm-thick tumor sections

were mounted on positively charged slides and stained. Slides
were first deparaffinized in xylene and rehydrated using graded
ethanol. Antigen unmasking was performed using Envision Flex
Target Retrieval High pH 50x solution (Cat. no. K8000, Dako) in
the Dako pressure cooker. Following antigen retrieval, slides were
stained using an avidin biotin complex on a Dako Autostainer.
Slides were stained with rat anti-mouse CD8a antibody (Cat. no.
14-0808-82, Ebioscience), followed by goat anti-rat biotin (Cat.
no. 112-066-071, Jackson ImmunoResearch). After the stain,
slides were counterstained with Mayer hematoxylin. EphA2 was
detected with clone D4A2 (Cat. no. 6997S, Cell Signaling),
followed by anti-rabbit secondary (Cat. no. K4003, Dako).

For CD8þ cell quantitation, slides were scanned at 20� with an
Aperio digital slide scanning system (Leica). Tumorswere annotated
using Aperio ImageScope (v12.2.2.5015) in two layers. Layer one
consisted of the viable tumor regions. Layer two consisted of regions
for exclusion from the analysis due to the presence of necrotic tissue,
nonspecific background, or other tissue artifacts such as small folds.
The annotated images were imported into Definiens Tissue Studio
4.1 using the Manual Region of Interest (ROI) Analysis Builder
module. The analysis steps used the following analysis modules in
sequence: manual ROI selection (draw polygons), initialize cellular
analysis, nucleus detection, cell simulation, cell classification, and
default export. The resulting analyzed images were quality-con-
trolled by a board-certified ACVP pathologist (P. Martin), and the
slides were analyzed with a semiquantitative scoring system (0 ¼
none, 1 ¼ minimal, 2 ¼ mild, 3 ¼ moderate, 4 ¼ marked) to
validate the results of the automated image analysis procedure.

Statistical analysis
Statistical analysis for synergy was determined using a Bliss

independence model and described in detail elsewhere (8, 31).
Differences between treatment groups in pharmacodynamic stud-
ies were determined using a 2-tailed Student t test. To appropri-
ately power the combination studies, the number of animals per
group was determined on the basis of sample size calculations
using nQuery software.
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Results
PBD- and tubulysin-treated cells can vaccinate against tumor
challenge

It has been shown that antineoplastic compounds differ in their
ability to induce ICD (11). To test whether tubulysin and PBD
warheads could induce ICD, a vaccination/challenge assay, which
is the gold-standard assay for identifying compounds that elicit
ICD, was performed (7). CT26 cells were treated with either the
tubulysinMMETA (400 nmol/L) or PBD SG3199 (8 nmol/L) for a
period of 24 hours (Fig. 1A) such that the cells were still viable but
committed to apoptosis. These dying cells were subcutaneously
injected into BALB/cmice, followed by injection of live CT26 cells
in the opposite flank 1 week later. Tubulysin- and PBD-treated
cells provided vaccination and protected 40 and 70% of mice,

respectively, from tumor formationwhen assessed on day 65 (Fig.
1B). As expected, necrotic cells did not vaccinate, as all re-chal-
lenged mice developed tumors, and vaccination with irradiated
cells protected all mice from subsequent tumor rechallenge.

PBD- and tubulysin-conjugated ADCs triggermemory response
On the basis of these results, we investigatedwhether treatment

of tumor-bearing mice with ADCs bearing tubulysin or PBD
payloads could result in vaccination in vivo. For these studies, a
murine cross-reactive antibody targeting EphA2was utilized (29).
Murine EphA2 was found to be overexpressed in several mouse
carcinoma cell lines, including CT26, MCA205, 4T1, and Renca
cells (Supplementary Fig. S1). This antibody was site specifically
conjugated with a tubulysin (EphA2-Tub) or PBD (EphA2-PBD)

Figure 1.

Tubulysin and PBD warheads induce ICD and immunologic memory. A, Schematic representation of vaccination/challenge experiment. B, Percentage of
tumor-free mice following rechallenge with live CT26 cells. C, Mean tumor volume following CT26 rechallenge in mice cured with either EphA2-Tub ADC or
EphA2-PBD.D, Response of MCA205 tumors to EphA2-PBD (1 mg/kg) as well as growth of tumors rechallenged in either na€�ve or cured mice on day 43. E, Splenic T
cells from na€�ve BALB/C mice or mice whose tumors were eradicated following treatment with either EphA2-Tub or EphA2-PBD (3–4 mice per group) were
assayed for IFNg and TNFa production following ex-vivo stimulation by the AH1 peptide. Top left, TNFa production in CD45þCD4þ cells; top right, IFNg production
in CD45þCD4þ cells; bottom left, TNFa production in CD45þCD8þ cells; bottom right, IFNg production in CD45þCD8þ cells. � , P < 0.05 compared with
untreated.
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payload. CT26 tumor-bearing mice were administered multiple
doses of these ADCs when average starting tumor volumes were
either 75 or 150 mm3. Each ADC produced a large percentage of
CRs (Supplementary Table S1). Mice with CRs following treat-
ment with either EphA2-PBD or EphA2-Tub were then re-chal-
lenged with CT26 cells 138 days after initial tumor challenge (Fig.
1C). Rejection of subsequent tumor rechallenge was high in mice
that achievedCRswithADC treatment: 86%and76%ofmice that
achieved CRs with prior EphA2-Tub or EphA2-PBD treatment,
respectively, remained tumor-free out to 166 days (Fig. 1C),
whereas CT26 tumor growth was normal when simultaneously
implanted in na€�ve mice. To ensure these effects were not model-
specific, similar studies were conducted using the MCA205 syn-
geneic sarcoma model. A single 1-mg/kg dose of EphA2-PBD
producedCRs in 10of 10MCA205 tumor–bearingmice (Fig. 1D).
These mice were then rechallenged with MCA205 cells 43 days
after initial challenge. All 10 mice rejected subsequent MCA205
rechallenge out to 190days, whereasMCA205 cells grewnormally
in simultaneously injected na€�ve mice.

To determine whether T cells from mice cleared of CT26
tumors were functionally changed, splenic T cells were har-
vested and assayed for IFNg and TNFa production following
ex-vivo stimulation by the AH1 peptide; the immunodominant
antigen of CT26 cells (32). In this assay, CD4þ T cells from
mice treated with EphA2-Tub produced TNFa upon stimula-
tion with AH1 peptide (Fig. 1E, top left), whereas CD4þ T cells
from both EphA2-Tub- and EphA2-PBD–treated animals pro-
duced IFNg (Fig. 1E, top right). A similar pattern of expression
was found on CD8þ T cells (Fig. 1E, bottom panels). These data
demonstrate that PBD- and tubulysin-conjugated ADCs
induced tumor-specific immunologic memory and generated
T-cell populations that were functionally distinct from T cells
from na€�ve mice.

T cells contribute to antitumor activity of ADCs
Given the observed immunomodulatory effects of these ADCs,

studies were conducted to determine the contribution of the
immune system on the antitumor activity of ADCs. We evaluated
the antitumor activity of EphA2-ADCs against syngeneic tumor
models grown in either T-cell–deficient (nude) mice or immu-
nocompetent mice. CT26 (Fig. 2A), MCA205 (Fig. 2B), 4T1 (Fig.
2C), and Renca (Fig. 2D) tumors grown in either immunode-
ficient (left) or immunocompetent (right) mice were treated with
either EphA2-Tub (top) or EphA2-PBD (bottom). As EphA2-Tub
was relatively inactive in Renca tumor–bearing BALB/c mice
(Supplementary Fig. S2), only EphA2-PBD was assessed in this
setting. The reason for the lower activity of EphA2-Tub in the
Rencamodel is likely due to the lower expression of EphA2 in this
model (Supplementary Fig. S1D). In all four models, each ADC
was more potent in immunocompetent mice compared with
nude mice, which lack T cells, suggesting that T cells may be
contributing to the ADC antitumor activity (Fig. 2). Additional
experiments with control IgG ADCs demonstrated that the anti-
tumor activity of EphA2 ADCs was EphA2 target–dependent in
thesemodels (Supplementary Fig. S3). To test whether T cellswere
contributing to antitumor activity, CD8þT cellswere ablated from
immunocompetent mice using a depleting anti-CD8 antibody.
Strikingly, depletion of CD8þ T cells abrogated the efficacy of the
ADCs (Supplementary Fig. S4A). These data demonstrate that at
the dose levels of ADCs used, CD8þ T cells were required for full
activity of EphA2-PBD and EphA2-Tub ADCs in the CT26model.

Enhanced antitumor activity combining PBD or tubulysin
conjugates with immuno-oncology drugs

That T cells contributed to ADC activity in vivo led to the
hypothesis that antitumor activity could be enhanced by com-
bining ADCs with T-cell modulating cancer immunotherapies.
Before initiating combination studies with immuno-oncology
drugs, we wished to examine the effect of EphA2-ADCs on the
viability of lymphocytes in whole blood (Supplementary Fig. S5).
When dosed at levels at or above those intended for combination
studies, both EphA2-Tub and EphA2-PBD did decrease lympho-
cyte counts to a degree, however, levels rebounded by day 22,
suggesting that acceptable levels of lymphocytes remained to be
stimulated by immuno-oncology drugs. Compared with growth
of untreated CT26 tumors (Fig. 3A), treatment with either EphA2-
PBD or anti-PD-L1 resulted in 2 of 10 CRs in each group (Fig. 3B
andC).However, the combinationofEphA2-PBDandanti-PD-L1
administered concurrently produced a synergistic response with 7
of 10 CRs (Fig. 3D). Importantly, a suboptimal dose of EphA2-
PBD (0.1mg/kg) was used in thismodel. Strikingly, the enhanced
activity of either ADC/anti-PD-L1 combination was almost
completely abrogated following CD8þ T-cell depletion (Supple-
mentary Fig. S4B).

We then investigated combining these ADCs with an agonist to
glucocorticoid-induced TNF receptor–related protein (GITR)
using a mouse GITR ligand fusion protein (GITRL FP). GITRL/
GITR interactions trigger T-cell activation and inhibit immuno-
suppression by regulatory T cells (Tregs) and thus GITR has been
pursued as an immunotherapy target (33). Treatment of CT26-
bearing mice with EphA2-Tub produced tumor growth delay but
no CRs (Fig. 3E), whereas treatment with GITRL FP resulted in a
potent antitumor response with 8 of 12 CRs observed (Fig. 3F).
However, the combination of EphA2-Tub with GITRL FP dosed
concurrently produced a profound synergistic response with CRs
observed in all (12 of 12) mice (Fig. 3G).

Synergistic responses combining these ADCs with a PD-1
antibody or GITRL FP were also observed (Supplementary Table
S2 and Supplementary Figs. S6 and S7). These results demonstrate
that combining EphA2-ADCs carrying PBD or tubulysin payloads
with checkpoint inhibitors or agonists of the TNFR superfamily
results in potent antitumor effects in vivo.

Effects of ADCs and ADC/immuno-oncology combinations on
T cells

Pharmacodynamic studies were conducted to determine the
nature of the immunomodulatory effect of ADCs and ADC/
immuno-oncology combinations. Immunophenotyping was car-
ried out on CT26 tumors from mice treated with EphA2-PBD,
EphA2-Tub, PD-L1 antibody, OX40 antibody, or combinations of
these ADCs and immuno-oncology agents. EphA2-Tub induced an
increase in the percent of intratumoral CD45þ and CD45þCD8þ

cells (Fig. 4A and B). With regard to CD8þ cells, this increase was
likely due to increased CD8þ proliferation on the basis of an
increase in CD8þKi67þ cells observed with EphA2-tubulysin
(Fig. 4C).WhileEphA2-PBDdidnot increase theoverall percentage
of intratumoral CD8þ cells, this ADC along with EphA2-Tub
increased the number of activated CD8þ T cells, identified by an
increase in the CD8þCD69þ population (Fig. 4D). Only OX40
mAb–treated groups decreased the percentage of CD4þ cells and
significantlydepletedTregs (Fig. 4EandF; ref. 27). AlthoughEphA2-
Tub increased CD4þFOXP3þ Tregs (Fig. 4E), the overall CD8:Treg
ratio remained elevated compared with untreated CT26 tumors
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(Fig. 4F). The CD8:Treg ratio trended higher following EphA2-PBD
treatment, although this was not statistically significant. Assess-
ment of splenic cell populations revealed that combination of
both ADCs with anti-PD-L1 and of EphA2-PBD with anti-OX40
increased the percent of CD4þPD-1þ cells, a marker of T-cell
activation (Fig. 4H). A similar observation was made with these
same groups in the induction of CD4þKi67þ cells (Fig. 4I). These
data suggest that activation and proliferation of splenic CD4þ cells
likely contributes to the larger effects of ADC/immuno-oncology
combination compared with single-agent therapy.

CD8þ T-cell tumor infiltration was also examined by immu-
nohistochemistry (IHC). CT26 or MCA205 tumor–bearing mice
were treated with EphA2-Tub or EphA2-PBD, and tumors were
collected and stained for CD8þ cells 2, 4, and 7 days after ADC
administration (Fig. 5). Consistent with the FACS data, EphA2-
Tub induced a gradual increase in CD8þ cells (Fig. 5A). Quan-
tification of these images demonstrated that EphA2-Tub induced
a statistically significant increase in CD8þ cells in the tumor at
days 4 and 7 comparedwith amatcheduntreated sample takenon

the same day (Fig. 5B). Again consistent with FACS (Fig. 4B),
EphA2-PBD appeared to modestly increase CD8þ cells compared
with untreated tumors, but this did not result in statistical sig-
nificance. In contrast, both EphA2-Tub and EphA2-PBD increased
tumor-infiltrating CD8þ cells in MCA205 tumors and to a larger
degree than observed in CT26 tumors (Fig. 5C and D).

Effects of ADCs and ADC/immuno-oncology combinations on
myeloid cells

EphA2-Tub alone and both ADCs in combination with anti-
PD-L1 increased the percentage of CD45þCD86þ in the tumor
(Fig. 6A). EphA2-Tub also increased the percentage of
F480þCD86þ cells (Fig. 6B). All treatment groups increased the
percentage of CD86þ cells onmature dendritic cells, although the
combinationof EphA2-PBDwith anti-OX40andEphA2-Tubwith
anti-PD-L1 increased levels higher than single-agent therapy (Fig.
6C). Interestingly, EphA2-Tub induced tumor infiltration of
CD86þ granulocytic myeloid cells (Fig. 6D). In the spleen, mod-
ulation of CD86 on myeloid cell populations was found to be

Figure 2.

Greater antitumor activity of ADCs in immunocompetent versus immunodeficient mice. The activity of EphA2-Tub (top) and EphA2-PBD (bottom) in
immunodeficient (left) versus immunocompetent (right) mice was evaluated. A, CT26 tumor model. B, MCA205 tumor model. C, 4T1 tumor model. D, Renca
tumor model. In all models, a single intravenous administration of ADC was given when the average tumor volume was 100 to 200 mm3. The number in
the graph indicates the dose of ADC in mg/kg that was administered. n ¼ 10 per group.
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significantly different in the combination versus single-agent
groups. Both EphA2-PBD and EphA2-Tub in combination with
anti-PD-L1 and EphA2-Tub in combination with anti-OX40
increased the percentage of CD45þCD86þ cells (Fig. 6E) A similar
observation was found with these same groups and the induction
of F480þCD86þ cells (Fig. 6F). Interestingly, both ADCs in
combination with anti-PD-L1, but not with anti-OX40, increased
the percentage of CD11bhiGR-1int immaturemyeloid cells expres-
sing CD86 in the spleen (Fig. 6G).

Similar effects with different ADCs or different models
While strong combination effects were obtained with ADCs

targeting EphA2 in the CT26 model, we set out to determine
whether this effect was target- and/ormodel-dependent. Amurine
cross-reactive antibody to the IGF1 receptor (IGF1R) was conju-
gated with PBD (IGF1R-PBD) and tested in the IGF1R-positive
CT26 model (Supplementary Fig. S1E). CT26 tumor–bearing
mice were dosed with IGF1R-PBD (Fig. 7A, top right), anti-PD-
L1 (Fig. 7A, bottom left), and the combination (Fig. 7A, bottom
right). Dramatic synergy was observed where all 12 of 12 mice
achieved CRs in the combination group compared with one CR
with IGF1R-PBD and four CRs with anti-PD-L1 treatment. These
data provide evidence that the strong antitumor effects of com-
bining ADCs with immunotherapy do not appear to be limited
by the target antigen.

All of the data presented thus far have been using the CT26
model,which is known tobe sensitive tomany immunotherapies.
We set out to determine whether ADCs can combine with immu-
notherapy in two other syngeneic models: MCA205 and Renca.
EphA2-Tub combinedwithOX40L FPproduced synergistic effects
in the MCA205model (Supplementary Fig. S8). As we previously
observed enhanced activity of EphA2-PBD in Renca tumor–bear-
ing immunocompetent compared with immunodeficient mice,
we determinedwhether the activity of EphA2-PBDwas dependent
on CD8þ T cells in thismodel. We also examined that the effect of

combining EphA2-PBDwith CD4þ depletion as the Rencamodel
was previously shown to be a Treg-driven model, as depletion of
Tregs via administration of various Treg-depleting antibodies,
including anti-CD4, resulted in tumor rejection (34). In contrast
to the CT26model, CD8 depletion had no effect on the growth of
untreated tumors, nor on the antitumor activity of EphA2-PBD
ADC (Supplementary Fig. S9A). CD4 depletion markedly inhib-
ited tumor growth, consistent with a previous study (34). Sur-
prisingly, EphA2-PBD in combination with CD4 depletion had
a stronger antitumor effect than either CD4 depletion or EphA2-
PBD alone (Supplementary Fig. S9A). These data suggested that
the additional antitumor activity of the ADC in the presence of
CD4depletionmaybedue to loss of Tregs.GITR agonist antibodies
and GITR ligand fusion proteins have been shown to deplete Tregs
in mouse models (35, 36). In evaluating several different immu-
notherapies, Renca tumor–bearing mice were insensitive to anti-
PD-L1 and anti-CTLA-4 but were sensitive to GITRL FP (Supple-
mentary Fig. S9B; ref. 37). On the basis of these results, we
examined the effects of combining EphA2-PBD with GITRL FP.
Both EphA2-PBD (Fig. 7B, top right) and GITRL FP (Fig. 7B,
bottom left) had minimal antitumor activity; however, the com-
bination of EphA2-PBD andGITRL FP resulted in striking synergy
and CRs in 9 of 10 animals (Fig. 7B, bottom right). Similar data
were obtained when we used a fractionated ADC dose schedule
instead of a single dose (Supplementary Fig. S9C).

Immunophenotyping of Renca tumors was examined both 5
and 12 days after administration of EphA2-PBD alone and in
combination with GITRL FP. While the combination of EphA2-
PBD and GITRL FP decreased the percentage of intratumoral
CD45þ cells at day 5, this percentage became larger by day 12
(Fig. 7C, top left). Importantly, EphA2-PBD alone also increased
the percent of CD45þ tumor-infiltrating lymphocytes (TIL) in the
tumor at day 12. The percentage of CD8þ cells was relatively
unchanged at day 5 between all groups but was significantly
higher following GITRL FP treatment alone and in combination

Figure 3.

Tubulysin and PBD ADCs synergize with immuno-oncology therapies. BALB/c mice bearing CT26 tumors were dosed with EphA2-PBD (0.1 mg/kg) or EphA2-
Tub (3 mg/kg) alone or in combination with a PD-L1 antibody (30 mg/kg) or a mouse GITRL fusion protein (5 mg/kg). A, Untreated mice. B, EphA2-PBD.
C, anti-PD-L1. D, EphA2-PBD þ anti-PD-L1. E, EphA2-Tub. F, GITRL FP. G, EphA2-Tub þ GITRL FP. CR frequency is out of 10 animals (a-PD-L1
combination) or out of 12 animals (GITRL FP combination).
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with EphA2-PBD (Fig. 7C, top right). All treatment groups tran-
siently reduced the percentage of CD4þ cells at day 5, which
normalized at day 12 (Fig. 7C, bottom left). All treatment groups
also transiently decreased the percentages of CD4þFOXP3þ Tregs
at day 5, with the percentage of Tregs in the EphA2-PBD andGITRL
FP combination significantly smaller than GITRL FP alone (Fig.
7C, bottom right).

As a fairly high dose of EphA2-PBD (1 mg/kg) was used in the
Renca model, we also evaluated cell counts in response to
treatment to determine whether ADC was affecting the numbers
of CD45þ cell populations in addition to modulating percen-
tages. While the combination of EphA2-PBD and GITRL FP
reduced the numbers of CD45þ cells at day 5, the numbers
rebounded by day 12 (Supplementary Fig. S10). Examination of

Figure 4.

Immunomodulatory effects of ADCs andADC/immuno-oncology combinations in theCT26model. CT26 tumor–bearingmicewere treatedwith either EphA2-PBDor
EphA2-Tub aloneor in combinationwith either anOX40or a PD-L1 antibody. Spleens and tumorswere harvested 5days after drug administration andflowcytometry
was conducted using labeled antibodies against cell surface markers for various immune cell populations. A, Percentage of intratumoral CD45þ leukocytes.
B, Percentage of intratumoral CD8þ of CD45þ cells. C, Percentage of intratumoral CD8þKi67þ of CD45þ cells. D, Percentage of intratumoral CD69þ of CD8þ T cells.
E, Percentage of intratumoral CD4þ of CD45þ cells. F, Percentage of intratumoral FOXP3þ of CD4þ cells.G,CD8:Treg ratio in the tumor.H, Percentage of CD4þPD-1þ

of CD45þ cells in the spleen. I, Percentage of CD4þKi67þ of CD45þ cells in the spleen. � , P < 0.05 compared with untreated or bracketed group.
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EphA2 expression with Renca tumors, as well as the other tumor
models investigated in this study, demonstrated no detectable
EphA2 expression in TILs, suggesting that the transient decrease

in CD45þ populations was due to bystander effect from the
ADC (Supplementary Fig. S11). EphA2-PBD alone and in com-
bination with GITRL FP transiently reduced the number of

Figure 5.

CD8þ T-cell tumor infiltration following
ADC treatment. IHC of CD8þ cells in
CT26 or MCA205 tumors from mice
treated with a single dose of EphA2-Tub
(5 mg/kg) or EphA2-PBD (0.3 mg/kg).
Animals were dosed when tumors were
about 150 to 200 mm3. Tumors were
collected 2, 4, or 7 days after ADC
administration. A, CD8þ IHC of CT26
tumors. B,Quantification of images inA.
C, CD8þ IHC of MCA205 tumors. D,
Quantification of images inC. Images are
representative of 5 mice per group.
Images were taken at 20�. Scale bar, 50
mm. � , P < 0.05; #, P ¼ 0.05.

Figure 6.

Immunophenotyping of myeloid cell populations following ADC treatment in the CT26 model. CT26 tumor–bearing mice were treated with either EphA2-PBD
or EphA2-Tub alone or in combination with an OX40 or an anti-PD-L1 antibody when tumors were about 300 mm3. Tissue was collected either 5 days
(tumor) or 12 days (spleen) after initial ADC dose. A, Percentage of CD45þCD86þ cells in the tumor. B, Percentage of CD86þ of F480þ macrophages in the tumor.
C, Percentage of CD86þ of CD11cþMHCIIhi cells in the tumor.D,Percentage of CD86þ of CD11bhiGR-1hi immaturemyeloid cells in the tumor. E, Percentage of CD86þ of
F480þ macrophages in the spleen. F, Percentage of CD86þ of F480þ macrophages in the spleen. G, Percentage of CD86þ of CD11bhiGR-hi immature myeloid
cells in the spleen. n ¼ 5 per group. � , P < 0.05 compared to untreated or bracketed group.
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CD4þ and CD8þ cells at day 5, but these levels rebounded by
day 12 (Fig. 7D, top left and right). GITRL FP alone and in
combination with EphA2-PBD increased the number of intra-
tumoral CD8þ cells at day 12 (Fig. 7D, top right). Both EphA2-
PBD and the EphA2-PBD/GITRL FP combination significantly
decreased intratumoral Treg numbers at day 5, with GITRL FP
also trending to show a decrease (Fig. 7D, bottom left). The

CD8:Treg ratio of the GITRL FP and combination group
increased at days 5 and 12 and also was observed with
EphA2-PBD at day 12 (Fig. 7D, bottom right). Importantly,
the CD8:Treg ratio of the combination group was significantly
higher than GITRL FP at day 12 (Fig. 7D, bottom right).
Together, these data suggest that it is an increased CD8:Treg
ratio that drives the synergistic antitumor activity of the

Figure 7.

Synergistic activity of ADC/immuno-oncology combinations is maintained when altering either the targeting antibody of the ADC or the syngeneic tumor model. A,
Activity of IGF1R-PBD (top right), anti-PD-L1 (bottom left), or the combination (bottom right) in the CT26model. CR observed (of 12mice).B,Activity of EphA2-PBD
(top right), GITR ligand fusion protein (bottom left), or the combination (bottom right) in the Renca model. CR observed (of 10 mice). Animals were dosed
when tumors were about 150 to 200 mm3. C, Immunophenotyping of Renca tumors by percentage. Top left, percentage CD45þ cells; top right, percentage of
CD8þ of CD45þ cells; bottom left, percentage CD4þ of CD45þ cells; bottom right, percentage of FOXP3 of CD4þ cells. D, Immunophenotyping of Renca
tumors bynormalized cell count. Top left, normalized CD4þ cells; top right, normalized CD8þ cells; bottom left, normalized FOXP3þ cells; bottom right, CD8:Treg ratio.
N ¼ 5 animals per group. � , P < 0.05; #, P ¼ 0.05 compared with untreated of equivalent day.
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combination of EphA2-PBD and GITRL FP. Examination of
myeloid cells revealed that while EphA2-PBD decreased the
percentage of CD11cþMHCIIhi mature dendritic cells in the
tumor (Supplementary Fig. S12A), the majority of the remain-
ing population was highly positive for CD80, which, like CD86,
is a co-stimulatory molecule found on activated antigen-pre-
senting cells (Supplementary Fig. S12B). The percentage of
F480þCD80þ macrophages was also increased by EphA2-PBD
and the combination (Supplementary Fig. S12C). These data
suggest that EphA2-PBD is causing ICD in vivo and may con-
tribute to the antitumor activity. Taken together, these similar
results observed with multiple ADC combinations in multiple
tumor models with varying levels of immune infiltrates suggest
that these PBD- and tubulysin-based ADC/immuno-oncology
combinations may provide clinical benefit in tumors with
various immune phenotypes regardless of the targeting anti-
body of the ADC.

Discussion
In this report, we describe immunomodulation effects by three

ADC payloads, PBD and tubulysin, and antitumor synergy of
these ADCs upon combination with multiple cancer immu-
notherapies. Although PBD and tubulysin have distinct cytotoxic
mechanisms of action, we found that both payloads were able to
induce ICD and immunological memory. Mice whose tumors
were cured with ADC treatment were vaccinated against subse-
quent tumor cell challenge in two different models. Although
chemotherapy-induced ICD has previously been demonstrated
for these tumor cell lines, this is the first report of such activity for
these payloads (11, 38).

Our data point to two distinct mechanisms of action of the
ADCs that results in increased efficacy in immunocompetent
models. Data from the CT26 model demonstrated that CD8þ T
cells were directly induced by the ADCs and required for efficacy.
This was associated with upregulation of costimulatory mole-
cules, namely, CD86 in several myeloid populations, suggesting
that ICD was being induced in vivo. In contrast, in the Renca
model, it is likely the depletion of Tregs, followed by a moderate
increase in CD8þ cells, and thus an increase in the CD8:Treg ratio,
that accounts for the increased activity of EphA2-PBD. The tran-
sient depletion of Tregs in the Renca model is likely mediated
through a bystander killing effect from the ADC payload as some
of the bulkCD4þ (aswell as CD8þ) cells were transiently depleted
in this model. Examination of tumor sections by IHC for EphA2
revealed no detectable EphA2 expression on TILs, ruling out that
the antitumor activity of EphA2-PBD in the Rencamodel was due
to target-mediated depletion of immunosuppressive cells. As the
expression of EphA2was lower in the Rencamodel than in others,
a higher dose of EphA2-PBD (1 mg/kg) was required for activity,
whichmay be the reason for the increased bystander killing in this
model. An increase in CD8:Treg ratio induced by EphA2-PBD in
the Renca model is seemingly in conflict with our data showing
that depletion of CD8þ cells has no effect on the activity of the
ADC in this model. One explanation is that in the absence of
CD8þ cells, the tumor may be repopulated with other immuno-
suppressive cells, that the ADC is able to kill, resulting in increased
tumor growth control.

It was reported recently that the ADC T-DM1 increased intra-
tumoral CD8þ and CD4þ T cells, as well as CD4þFOXP3þ Tregs,
and that Tregs were further increased by combining T-DM1 with

PD1/CTLA4blockade (21). In thismodel, TDM-1 treatment alone
and in combination with anti-PD-1/CTLA-4 combination
decreased the CD8:Treg ratio. In contrast, in our studies, we found
that in 2models, combining ADCswith immuno-oncology drugs
increased the CD8:Treg ratios. With respect to PBD and tubulysin,
our data highlight that at least in the models examined, increased
CD8:Treg ratios may be a common driver of efficacy from ADC/
immuno-oncology combinations. This suggests that differential
modulation of CD8þ cells and Tregs by ADCs may be model-
dependent. It will be interesting to understand the effects of other
Her-2–targeted ADCs, each containing different payloads, on
immune cells in diverse patient populations (23, 39)

Examination of myeloid cell populations following treatment
with ADCs revealed a frequent increase in CD86, a costimulatory
molecule present on mature dendritic cells that is a marker of
antigen-presenting cells (APC), as well as CD80 (40, 41). Inter-
estingly, EphA2-Tub, and to a lesser degree EphA2-PBD, increased
the percentage of CD86þ granulocytic immature myeloid cells in
CT26 tumors. Although the function of CD86 on immature
myeloid cells remains poorly understood, it has previously been
reported that docetaxel-induced upregulation of CD86 on imma-
turemyeloid cells reverses suppressive activity ofmyeloid-derived
suppressor cells (MDSC; ref. 42). Another study reported that
when loaded with a tumor antigen and an NKT ligand, immature
myeloid cells could be converted to immunogenic APCs (43).
Other studies have demonstrated reprogramming of immature
myeloid cells, includingMDSCs, to cell types that possessmarkers
of mature dendritic cells following treatment of tumor-bearing
mice with immunostimulatory agents (8, 42, 44). Increased
antigen presentation of peripheral myeloid cells may play a key
role in the enhanced activity of PBD- and tubulysin-based ADCs
combined with immuno-oncology drugs.

ADC-induced toxicity is a problem that has been reported for
several ADCs (45). Although meant to target tumors specifically,
ADCs typically have off-target toxicities associated with payloads,
and there are significant efforts to try to reduce the toxicities
induced by ADCs (46, 47). It is noteworthy that enhanced activity
with immuno-oncology agents in some of our studies was
observed using subcurative doses of ADCs, in particular
EphA2-PBD. However, doses that induced no antitumor activity
did not enhance activity of immuno-oncology agents (data not
shown). Our data suggest it is possible that by using suboptimal
yet active doses of ADCs in combination with immuno-oncology
agents, tolerability of ADCsmay be improved. However, it will be
critical to understand potential overlapping toxicities associated
with ADCs and immuno-oncology agents to fully improve the
therapeutic index.

This report describes the broad immunomodulating activities
of two distinct ADC payloads, PBD and tubulysin, in multiple
tumor models, using different ADC targets, and different and
diverse immuno-oncology therapies. This is the first report of
enhanced activity observed when combining immuno-oncology
agents with ADCs conjugated with PBDs or tubulysins, and in
addition, it is thefirst report of enhanced activitywhen combining
ADCs with TNFR agonists. This is important, as many tumors are
resistant to checkpoint blockade and may be sensitive to other
classes of immunotherapies. The potent combination effects
while targeting various tumor antigens inmultiple tumor models
with immuno-oncology agents of varying mechanisms of action
suggests that different clinical tumor types may be candidates for
treatment with ADC/immuno-oncology combinatorial therapies.
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In summary, we believe that combining ADCs and immuno-
oncology therapy represents a promising clinical strategy andmay
increase clinical responses and patient outcomes.
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