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ABSTRACT
In combination cancer immunotherapies, consideration should be given to designing treatment schedules
that harmonize with the immune system’s natural timing. An efficacious temporally programmed combina-
tion therapy of extended half-life interleukin 2 (eIL2), tumor targeting antibody, and interferon (IFN) α was
recently reported; however, tumor-ablative efficacy was associated with significant toxicity. In the current
work, altering the order and timing of the three agents is shown to decouple toxicity from efficacy. Delaying
the administration of eIL2 to be concurrent with or after IFNα eliminates toxicity without affecting efficacy in
multiple syngeneic tumor models and mouse strains. The toxicity resulting from eIL2 administration before
IFNα is dependent onmultiple systemic inflammatory cytokines including IL6, IL10, IFNγ, and tumor necrosis
factor α. Natural killer (NK) cells are the main cellular contributor to toxicity, but are not essential for tumor
control in this system. When pre-conditioned with eIL2, splenic NK cells became hyper-activated and
upregulate IFNα signaling proteins that cause an excessive, toxic response to subsequent IFNα exposure.
This work illustrates an example where accounting for the temporal dynamics of the immune system in
combination therapy treatment schedule can favorably decouple efficacy and toxicity.
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Introduction

Improvement in efficacy of cancer immunotherapy is generally
expected to require combination therapies. For example, recent
combination of Nivolumab and Ipilimumab resulted in a 58% rate
of objective response in updated results of the phase 3 Checkmate
067 trial in untreated advanced melanoma.1 These two agents act on
adaptive immunity via T cells2 ; so perhaps non-T-cell-inflamed
cancers could be made responsive by enlisting components of the
innate immune system.3 However, maintaining acceptable therapeu-
tic index while increasing the number of administered agents is
a challenge. For example, the combination arms of the Checkmate
067 trial resulted in grades 3 or 4 adverse events in 59% of patients
and 39% of combination-treated patients had a treatment-related
adverse event leading to discontinuation of therapy.

The inflammatory cytokines interleukin (IL) 2 and interferon
(IFN) α are promising options for combination therapies because
they are FDA approved agents capable of enhancing both innate
and adaptive immunity.4,5 As a monotherapy, high dose IL2
engenders 10–20% response rates against renal cancer and
melanoma6 and is capable of enhancing innate mechanisms like
antibody-dependent cell-mediated cytotoxicity (ADCC)7,8 as well
as stimulating T cell activation and proliferation.9(p2) Unfortunately,
high dose IL2 therapy must be administered under intensive care
conditions due to significant toxicities including fevers and severe

hypotension from vascular leak syndrome,10 causing 50% of
patients to cease treatment after one of four courses according to
a study of metastatic renal cell carcinoma treatment.11 Similar to
IL2, IFNα also promotes a multi-faceted anti-cancer response12,13

including direct anti-proliferative effects on cell growth14 and
enhanced communication between innate and adaptive
immunity.15–17 Beyond any direct tumoricidal effects,18 IFNα is
a key cytokine in the stimulator of interferon genes (STING)
pathway response and augments maturation of antigen presenting
cells (APCs) like dendritic cells (DCs).19,20 Given in high dose in an
adjuvant setting in surgically resected melanoma, IFNα improved
relapse-free survival (RFS) and had variable effects on overall
survival.21–23 Despite improvements in RFS of adjuvant IFNα,
toxicity resulted in between 10% and 37% rates of treatment
cessation.24,25 Although IL2 and IFNα continue to improve survival
in some adjuvant and primary cancer indications, motivation for
development of either IL2 or IFNα as new monotherapies has
slowed due to these unfavorable therapeutic indices.

Combinations of IL2 and IFNα with each other or with differ-
ent types of clinically approved immunotherapies have been
explored but generally do not have the therapeutic window to
offer adequate tumor control. A small clinical trial concurrently
dosing these two agents 3 times per week against various cancer
types showed very limited efficacy.4 In a later clinical trial for
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metastatic melanoma that assessed whether the combination of
IFNα and IL2 improved chemotherapy, the cytokines were admi-
nistered continuously over the course of 4 days and added no
survival advantage5 Additionally, occurrence of grades 3 and 4
toxicities tripled including nausea, diarrhea, and drops in white
blood cell counts below 3000 per mm3 in the combination cyto-
kine group.5 Since efficacy for single agents is often linked to
higher dose level and number of doses received, combination
therapy treatment schedule follows that precedent. The elements
of innate and adaptive immunity believed to be most important
for the mechanisms of action of IL2 and IFNα (e.g. CD8 T cell
clonal expansion and DC maturation, respectively) can occur at
differing times during the steps of the anti-cancer immune
response.26 This indicates that the therapeutic window might be
improved by dosing agents at different times in treatment sche-
dules rationally designed to match the current immune system
response. In fact, emerging evidence suggests that a shorter expo-
sure burst to type I or type II IFNs could prevent tumors from
acquiring resistance, while chronic treatment might paradoxically
foster resistance to checkpoint blockade.27 Critical thinking is
needed to re-direct schedule design away from the paradigm of
sustained maximum-tolerated dose (MTD) treatment and
towards dosing at the proper timescale and duration for thera-
peutic efficacy of each individual agent.

Recent preclinical studies using an extended half-life version of
IL2 (eIL2)28 and IFNα in combination with tumor targeting anti-
bodies have successfully used temporally designed treatment sche-
dules to significantly improve therapeutic efficacy.29 Staggering the
IFNα to be 2 days after a tumor-targeting agent and eIL2 instead of
concurrently raised the cure rate from 0% to 60–100% for large,
established syngeneic mouse tumor models. Despite the high cure
rates from delayed IFNα administration, toxicity remained
a significant drawback, with mice losing 10–20% of their body
weight. In this work, altering the order of cytokine administration
was shown to eliminate toxicity without affecting therapeutic efficacy
by tempering the strength of innate inflammation. Although eIL2
was dosed in prior work29 at the same time as the tumor targeting
antibody to potentiate ADCC and maintain pharmacological pre-
sence during subsequent T cell proliferation days later, the current
work was motivated to investigate whether eIL2’s most important
role is expansion of activated lymphocytes in a therapy engaging
adaptive immunity. When IFNα administration was staggered after
a tumor-targeting antibody, treating with eIL2 at the same time or
after IFNα eliminated weight loss toxicity without compromising
therapeutic efficacy in two tumor models. The reduction in toxicity
conferred by dosing eIL2 concurrently instead of before IFNα was
mediated by lower systemic levels of inflammatory cytokines and
reduced natural killer (NK) cell activation state, which were not
essential to therapeutic efficacy. This study underscores the potential
importance of order and timing in treatment schedule design to
decouple efficacy and toxicity in combination immunotherapy.

Results

The order of eIL2 with respect to IFNα decouples efficacy
and toxicity

To investigate ways to lower toxicity of the efficacious com-
bination of tumor targeting antibodies, eIL2, and staggered

IFNα, the timing of eIL2 was varied while keeping 1-day
separation between antibody and IFNα (Figure 1(a)). Mouse
weights were monitored every day or every 2 days and max-
imal weight loss was observed 2 and 3 days after IFNα (Figure
S1a). Subsequent weight change is reported as percent
decrease between first day of treatment (0%) and 2 or
3 days after IFNα treatment unless otherwise noted. In
C57BL/6 mice with B16F10 tumors treated with the anti-
TRP1 antibody TA99, administering eIL2 concurrent with or
after IFNα eliminated the 10–20% weight loss seen when eIL2
was given before IFNα (Figure 1(b)). This stark difference in
toxicity did not lower the therapeutic efficacy from 20% to
40% survival, even when eIL2 was given as late as 3 days after
treatment initiation (Figure 1(c)). We confirmed that IFNα
synergized with the eIL2 and tumor targeting antibody to
increase efficacy against B16F10 tumors by eliminating IFNα
treatment but delivering the eIL2 concurrently with TA99 or
1, 2 or 3 days after TA99 (Figure S1b-d). Our previous work
confirmed the importance of both antibody and eIL2 to ther-
apeutic efficacy29 and that monotherapies of eIL2 or TA99 do
not lead to tumor cures,28 so we did not repeat these condi-
tions in this work. In this work, the memory response of
pooled, surviving mice from B16F10 tumors originally treated
with all three agents was examined. Consistent with prior
studies,29 rechallenged mice had extended survival compared
with age-matched, naïve mice, with around 25–50% cure rate
(Figure S1e). Importantly, there was not a statistically signifi-
cant difference in survival in this rechallenge study between
mice originally treated with the staggered (toxic) and concur-
rent (non-toxic) eIL2 and IFNα regimens. Weight loss curves
without IFNα show that weight loss did not occur without this
agent (Figure S1a). Since weight loss was eliminated by leav-
ing out IFNα or by giving the eIL2 at or after IFNα, we did
not quantify weight loss of antibody alone or under condi-
tions with eIL2. Individual tumor area curves for every treat-
ment condition confirm the survival results (Figure S1f-m).

The same toxicity trends occurred in a different tumor
model and in two different mouse strains. In the MC38
colon carcinoma model, toxicity was reduced and efficacy
was maintained when eIL2 was given concurrently with
IFNα, following treatment with an antibody-like construct
(2.5F-Fc) that targets integrins overexpressed on many
mouse and human tumors,30 (Figure 1(d,e). Weight loss
curves over time (Figure S2a) as well as individual tumor
area curves (Figure S2b-f) support the summarized weight
loss and survival results. This trend of weight loss from
staggered eIL2 and IFNα held independent of the presence
of tumors and in different mouse strains. Giving eIL2 at the
same time as IFNα in non-tumor-bearing BALB/c and C3H
mice ameliorated weight loss observed when eIL2 was given
1 day before IFNα (Figure 1(f,g) and Figure S2g-h), confirm-
ing that the observed toxicity is independent of both tumor
burden or mouse strain.

Inflammatory serum cytokines are partially responsible
for toxicity of staggered eIL2 and IFNα

The sources of differential toxicity between giving eIL2 prior
to versus simultaneous with IFNα were investigated through
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looking for organ-level toxicity and then systemic levels of
inflammatory cytokines or chemokines.

Blood clinical chemistry, serum protein and enzyme levels,
and organ pathology were assessed at multiple time points after
treating mice with the toxic staggered eIL2 and IFNα or giving
these agents at the same time. In order to look at time points
weeks after treatment began and to avoid conflating tumor-
related toxicity with treatment-related toxicity, these studies
were completed in non-tumor-bearing C57BL/6 mice.
Complete blood count (CBC) analysis revealed an increased
proportion of monocytes as a percent of white blood cells in
the staggered eIL2 and IFNα-treated group 3 days after the first
round of treatment began (Figure S3a), which could reflect
systemic over-activation of innate immunity. Although not
outside normal ranges, mice from the toxic, staggered

treatment had low red blood cell counts and increased mean
corpuscular hemoglobin, red cell distribution width, and mean
platelet volume (Figure S3c-e). Coupled with a trend toward
decreased (not statistically significant) mean cellular hemoglo-
bin concentration (Figure S3f) in both treated groups after the
first treatment, the staggered eIL2 and IFNα-treated mice could
be suffering from mild anemia, which has been seen in clinical
immune-related toxicities.31 The decreased activity of the liver
enzyme alkaline phosphatase (Figure S3g) could be indicative
of malnourishment, but it was found in both the more and less
toxic treatment groups. Decreased blood protein levels and
albumin-to-globulin ratio (Figure S3h-j) may be indicative of
mild liver or kidney damage, which could be associated mainly
with eIL2 treatment. Organ pathologies in the lung, kidney,
liver, and spleen seem associated with proximity to eIL2

Figure 1. Delaying eIL2 eliminated the weight loss toxicity but did not affect therapeutic efficacy (a) Schematic of experimental design is shown. Two courses of
therapy were given beginning on days 7 and 13, keeping the timing of tumor targeting antibody (Ab) and IFNα 1 day apart. In the four groups of treated mice, eIL2
was administered at the same time as Ab (0d), 1d, 2d, or 3d after Ab. (b,c) Percent weight change and survival curves are shown for four different times of eIL2
administration using the TA99 Ab (T) against B16F10 tumors. Reported weight loss is 4 days after TA99. Data are from two independent experiments totaling 9–10
mice per group. (d,e) eIL2 is administered with or 1 day after Ab (concurrent with IFNα) using the 2.5F-Fc antibody-like construct against MC38 tumors. Reported
weight loss is 3 days after 2.5F-Fc. p = 0.11 comparing (0d) eIL2 and (1d) eIL2 weight change. Data are from one independent experiment totaling five mice per
group. (f,g) In non-tumor bearing BALB/c or C3H mice, percent weight change plots are shown for eIL2 given 1 day before or concurrent with IFNα. No Ab was used
for this study. Data are from one independent experiment totaling five mice per group. *Indicates p < 0.05 and error bars are ± SEM.
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treatment (Figure S3k-n). Overall, these results do not explain
the weight loss differences between the staggered and concur-
rent eIL2 and IFNα.

Since the toxicity associated with staggered treatment-
related weight loss was not manifested in bloodwork or
organs examined, inflammatory cytokines and chemokines
were assessed using a Luminex multiplex bead-based assay.
Mouse serum was collected from B16F10 tumor-bearing mice
at multiple time points before and after treatment comparing
administering eIL2 1 day before and concurrently with IFNα.
Using each time point (excluding the 0+ hours point present
for only one treatment condition), the area under the curve
(AUC) was calculated for each individual factor for a given
treatment condition. The ratios of the AUCs for the toxic
versus non-toxic treatment conditions were then plotted for
the various factors (Figure 2(a)). This AUC analysis revealed
increases in multiple agents including leukemia inhibitory
factor (LIF), IL6, IL15, and KC in the toxic (staggered eIL2)
treatment group (Figure 2(a)). It was not unexpected that LIF
and IL6 both had high AUC ratios, since LIF signals through
the same, shared gp130 signaling receptor subunit as IL6 and
IL6 plays a well-documented role in autoimmune related
toxicities.32 KC, also known as chemokine ligand 1, is
a neutrophil chemoattractant and activator that shares

signaling with many other chemokines.33 Although not statis-
tically significant, other cytokines or chemokines such as
IFNγ, IL5, IL10, tumor necrosis factor (TNF) α, macrophage
colony-stimulating factor (M-CSF), and IL12(p40) also were
increased in the toxic group in this AUC ratio analysis (Figure
2(a)). The partial least squares regression (PLSR) analysis
scores plots for the cytokines/chemokines (variables) (Figure
S4a) and weight changes (response) (Figure S4b) indicated the
separation of the toxic treatment group (group 2) along both
components compared to non-toxic, concurrent IFNα and
eIL2 (group 3), toxic and non-toxic NK depletions (groups 7
and 8), and leaving out each of the individual cytokines
(groups 4–6). The loadings plot confirmed the importance
of KC, IL6, and IL10 with the weight loss toxicity because
these AUCs were anti-correlated with weight change (Figure
S4c). Thus, increases in these cytokines accompany decreases
in weight. LIF, IFNγ, TNFα (upper left cluster of points), IL5,
and IL12(p40) were all also anti-correlated with the weight
change on the loading plot at least along the first component.
IL6, IL10, IFNγ, and TNFα are upregulated in clinical cyto-
kine release syndromes,32 so their contributions to weight loss
in the toxic treatment group are not surprising. The average
levels over time of every cytokine and chemokine used for the
AUC and PLSR analysis were also plotted for every treatment

Figure 2. A variety of inflammatory agents were responsible for toxicity of staggered eIL2 before IFNα (a) The ratios of the AUCs over time for individual cytokine
levels in the staggered eIL2 and IFNα (toxic) and concurrent eIL2 and IFNα (non-toxic) treatment conditions were plotted. Data are from one independent experiment
in B16F10 tumor-bearing mice with three mice per treatment group. (b,c) Cytokine neutralization studies in B16F10 tumor-bearing mice started treatment day 6 (10
mice per group) (b) or day 7 (7–8 mice per group) (c). Percent weight change is shown 3 days after IFNα treatment. Each plot contains data from one independent
experiment. *Indicates p < 0.05 and error bars are ± SEM.
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condition, supporting the conclusions of the prior analysis
(Figure S5). Note that IL2 was excluded from the AUC and
PLSR analysis because eIL2 was given exogenously in most of
the treatment courses, and thus the measured IL2 levels did
not reflect toxic response of the mice to treatment. Spikes
corresponding to eIL2 administration can be seen in the IL2
time course plot in Figure S5 and are absent in the treatment
condition without any eIL2. Based on the AUC analysis, the
loadings and scores plots from the PLSR analysis, the indivi-
dual time course plots, and the feasibility of neutralizing these
soluble factors, IL5, IL6, IL10, IFNγ, and TNFα were chosen
for follow-up studies.

Antibody neutralization of IL10 and IFNγ in B16F10 tumor-
bearing mice mildly but statistically significantly reduced
weight loss toxicity (Figure 2(c)), while TNFα, IL5, and IL6
neutralization did not significantly affect weight loss (Figure 2
(b,c), although the full-time course of the weight losses for
these agents suggests that all five cytokines may contribute to
toxicity (Figure S6a-c). IL5 and IL6 neutralizations were con-
tinued during two treatment courses in B16F10 tumor-bearing
mice. Survival analysis and individual tumor area curves
(Figure S6d-k) do not indicate that IL5 or IL6 contributed to
efficacy. Consistent with the Luminex multiplex analysis, no
individual cytokine seemed predominantly responsible for the
weight loss, characteristic of a broader cytokine storm in
response to eIL2 administered before IFNα.

NK cells contribute to toxicity but not efficacy

Once several inflammatory cytokines were identified that
contributed to autoimmune-related toxicity, cellular deple-
tions were performed to assess contribution to weight loss
toxicity. From an extensive panel of cellular depletions and
neutralizations explored to examine weight loss, only deple-
tion using anti-NK1.1 resulted in a statistically significant
reduction in weight loss (Figure S7a). Despite the strong
correlation of the neutrophil-attracting chemokine KC with
weight loss (Figure S4c), depletion of neutrophils through
anti-Ly6G did not significantly reduce weight loss.

Depleting NK cells in the toxic treatment schedule of stag-
gered eIL2 and IFNα significantly reduced the weight loss in
B16F10-bearing C57BL/6 mice 2 days after IFNα treatment
(Figure 3(a)). At all other time points other than the time
point 2 days after IFNα, the mice given staggered eIL2 and
IFNα with depletion of NK cells have comparable weight
change to untreated mice (Figure S7b). Despite the documen-
ted role of NK cells in tumor control in other model
systems,34,35 NK cells remarkably did not contribute to the
20–40% survival of tumor-bearing mice either in the toxic,
staggered eIL2 and IFNα treatment schedule or the non-toxic,
concurrent eIL2 and IFNα schedule (Figure 3(b) and Figure
S7e-i). Although depletion using the anti-NK1.1 antibody
would deplete both NK cells and NK T cells, depleting with
the anti-Asialo-GM1 antibody specific to NK cells (and not NK
T cells)36 showed that NK cells themselves were responsible for
the weight loss (Figure 3(c), Figure S7d). Although anti-Asialo-
GM1 also depletes basophils and heterogeneous Asialo-GM1
expression is found on T cell subsets,37 using this antibody in
a separate group from anti-NK1.1 showed that NK T cells were

not responsible for the decreased weight loss of the NK1.1
depletion. Verification of NK depletion showed that at least
95% of splenic NK cells were depleted (Figure S7c). Previous
studies emphasizing a role for NK cells in tumor control were
often performed in mice lacking T cells, raising questions of
their relevance to immunotherapy with an intact immune
system. This particular antibody-plus-cytokine treatment pro-
tocol has been shown previously to strongly require CD8+
T cells, macrophages, and CD8+ DCs for efficacy.29

Staggering eIL2 before IFNα increases NK cell activation
and sensitivity to IFNα

To determine how NK cells contributed to toxicity when treated
with eIL2 prior to IFNα, splenic NK cells were characterized
using flow cytometry 1 day after treatment with eIL2, which was
when IFNαwas typically administered. Representative flow cyto-
metry plots for each treatment condition are shown in Figures
S8-9. NK cell activation markers described previously such as
CD11c, CD43, CD44, CD69, and B22038 were significantly
increased in spleens of B16F10 tumor-bearing mice 1 day after
antibody and eIL2 treatment compared with treatment with
antibody alone (Figure 4(a–e)). At a higher activation state, NK
cells would be poised to produce more inflammatory cytokines
and react more strongly to IFNα. In addition to increasing
activation marker expression, eIL2 caused an increase in expres-
sion of signaling proteins important to the IFNα response.
One day after eIL2 administration, splenic NK cells had
increased expression of the IFNα receptor IFNΑR1 (Figure 4
(f)). Since IFNα signaling is propagated through JAK/STAT
pathways,39 levels of STAT1 and STAT3 proteins were examined
and also shown to be increased on NK cells 1 day after eIL2
administration (Figure 4(g,h).

Discussion

Combination cancer immunotherapies hold promise for
improving clinical response rates, but strategies to mitigate
the associated auto-immune toxicities are needed. Our work
used the cytokines IFNα and IL2 in syngeneic mouse tumor
models to demonstrate that therapeutic efficacy and toxicity
may sometimes be decoupled by alterations in the treatment
schedule. Although translation of the exact murine timescales
into the clinic would be challenging, several lessons can be
learned from this work.

The common clinical practice in combination therapy of using
the treatment schedule of each individual agent until toxicity ends
treatment should be considered carefully in the context of tempo-
rally designed treatment schedules. For example, a short burst of
IFNα after a tumor-targeting antibody is significantly more effi-
cacious than starting to dose IFNα earlier because it allows DCs to
take up antigen before maturation by IFNα.29 Clinically, IFNα is
infused daily or even PEGylated to increase exposure time,40 but
in vitro studies looking at DCs’ ability to activate CD4 T cells
indicate that shorter bursts of DC activation induce a type 1 T cell
helper phenotype much more effectively than longer chronic
exposure.41 In a clinical trial of advanced metastatic melanoma,
testing chemotherapy and IFNα with or without the addition of
IL2 resulted in no clinical improvement from IL2.42 Although the
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results presented in the current work suggest that the order of
IFNα before IL2 in the clinical trial would minimize toxicity of
these two agents in combination, the lengthy, high-dose of IFNα
and failure to stagger IFNα after the chemotherapy could be
responsible for the lack of therapeutic synergy of these cytokines.
Emerging evidence suggesting that the STING pathway is critical
to the success of therapies like checkpoint blockade43 and
radiation44 underscores the importance of lessons about IFNα
timing. Although local administration of STING agonists can
circumvent toxicity,45 carefully choosing the timing of combina-
tion therapy partners to avoid pre-activation of NK cells is critical,
given the toxic strength of their IFNα response when pre-activated
by IL2. Agents intended to support T cell expansion and function,
such as IL2, may be safest and most efficacious after IFNα admin-
istration, whereas delivery of antigen-generating agents like tumor
targeting antibodies, chemotherapy, or radiationwill be important
before IFNα and DC maturation.

Generating a milder burst of initial innate activation using
tumor targeting antibodies without initial IL2 may avoid early
systemic toxicity, while being sufficient to release tumor debris
to be presented to the adaptive immune system. This manuscript

demonstrates that cytokines like IL10 and IFNγ contribute to the
early systemic toxicity of staggered eIL2 and IFNα therapy.
Additional cytokine depletions of IL5 and IL6, while not statisti-
cally significant compared to their control group in Figure 2(b),
may still have some contribution toward weight loss. Although
cytokines like IL246 and IFNs47 activateNKcells and these cells can
exhibit potent anti-tumor activity,48 other innate cell types are
capable of initiating more mild inflammation in response to
tumor targeting antibodies. Macrophages are capable of antibody-
mediated attack of tumor cells and subsequent antibody-enhanced
DC uptake of tumor antigens can initiate a productive adaptive
response.49 Antibodies can also engage with eosinophils to gen-
erate respiratory burst in response to tumor cells as well as utilize
neutrophils or the complement system to attack cancer.28 Indeed,
the same tumor targeting antibody used in this work, TA99,
induced respiratory burst in B16F10 tumors within the first few
days after treatment as quantified by a luminol assay in the pre-
vious work.28 With initial antibody-driven innate inflammation,
IL2 could be given as late as 3 days after tumor targeting antibody
in this work and maintain the same efficacy. The toxicities of IL2
are well documented,50 so delaying IL2 to avoid excessive, toxic

Figure 3. NK cells were important for toxicity but not for therapeutic efficacy (a,b) Percent weight change and survival plots were compared for the toxic and non-toxic
treatment conditions with and without NK cell depletion in the B16F10 tumor model. Data are from two independent experiments totaling nine or ten mice per group.
Treatment in this study began day 6 instead of day 7, so TA99 (T) was dosed days 6 and 12, IFNα was dosed days 7 and 13, and eIL2 was dosed days 6 and 12 or 7 and
13. (c) Non-tumor bearing mice were given anti-NK1.1 or anti-ASGM1 depleting antibodies before treatment with 1-day staggered eIL2 and IFNα. Percent weight
changes were quantified 2 days after IFNα. Data are from one independent experiment totaling nine mice per group. *Indicates p < 0.05 and error bars are ± SEM.
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antagonism of innate inflammation from a different combination
therapy agent like tumor targeting antibodies, radiation, or che-
motherapy would be ideal. In addition to contributing to toxicity,
prematurely dosing IL2 prior to T cell priming could preferentially
activate Tregs because of constitutive CD25 expression51,52 and
may also induce anergy in helper T cells.53 Although IL2 has
traditionally been characterized as an important NK cell
stimulator,46 IL2’s most important role in cancer immunotherapy
may be in driving adaptive instead of innate inflammation.
Clinical analysis of IL2 immunotherapy responses to melanoma
and renal cancer have shown durable responses indicative of
adaptive immunity54 and IL2 is commonly used to enhance
T cell proliferation and survival in adoptive cell therapies.55,56

NK cells and IL2 may be superfluous to the initial innate melee
caused by a tumor-targeting antibody as long as adaptive immu-
nity can be expanded at a later time by IL2 treatment.

This work illustrates that an MTD-focused chronic treatment
paradigm should be reconsidered to balance toxicity and efficacy.
Although IL2 has traditionally been characterized as an impor-
tant NK cell stimulator,46 IL2’s most important role in cancer
immunotherapy might instead be to drive adaptive immunity
later in the treatment cycle after mild innate inflammation is
initiated by other agents. Re-design of treatment schedules with
careful attention to order and timing may decouple efficacy and
toxicity, opening the therapeutic window of previously discarded
cytokine-based therapeutic combinations like IL2 and IFNα.

Methods

Mice

Female C57BL/6 (Taconic), C3H (Taconic), and Balb/c mice
(Jackson) were used at 6–10 weeks of age. Mice were housed

in pathogen free environments. All procedures were approved
by the MIT Division of Comparative Medicine (DCM) and
consistent with federal, state, and local regulations using ani-
mal protocol number 0515-043-18 under MIT’s Institutional
Animal Care and Use Committee.

Cell lines and media

B16F10 cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) with 10% FBS and Penicillin-Streptomycin
and MC38 cells were maintained in DMEM with 10% FBS.

Tumor treatment experiments

For experiments with B16F10 and MC38 tumors, mice were
inoculated subcutaneously in the right flank with 106 cells.
The following agents were administered through intraperito-
neal (IP) injection at the following days after tumor inocula-
tion unless otherwise noted: 100 µg TA99 (B16F10 tumors,
days 7 and 13), 500 µg 2.5F-Fc30 (MC38 tumors, days 7 and
13), 30 µg eIL2 (days 7 and 13 or 8 and 14), and 10 µg IFNα
(days 8 and 14). Tumor areas were calculated as the product
of the two perpendicular tumor diameters and mice were
euthanized when tumor area exceeded 100 mm2. The few
mice that died from reasons other than tumor area (low
body condition due to ulceration or weight loss exceeding
20%) are noted in figure legends and are not included in the
survival study analysis or plots.

For tumor rechallenge studies, age-matched naïve mice
and cured mice pooled from B16F10 tumor studies treated
with TA99, eIL2, and IFNα were rechallenged with 105

B16F10 cells on the left flank at least 100 days after cessation
of the original treatment. Rechallenged mice were not

Figure 4. Staggering eIL2 before IFNα increased the NK cell activation prior to exposure to IFNα Splenic NK cells were harvested from mice bearing established
B16F10 tumors 1 day after the indicated treatment and NK cell activation markers (a–e) and IFNα-responsive signaling proteins (f–h) were quantified by flow
cytometry. Median fluorescence intensity (MFI) of all single, live, CD3 negative, NK1.1 positive cells is plotted on the y-axis. Data are from one independent
experiment totaling five mice per group, with separate staining panels for NK activation markers (a–e) and IFN signaling proteins (f–h). *Indicates p < 0.05 and error
bars are ± SEM.
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included in this study if they had any type of depletion during
original treatment.

As opposed to more invasive assessments of toxicity,
weight loss is our primary metric for toxicity in tumor studies.
It can be regularly quantified over time without weakening
a mouse to take serum or sacrificing the mouse to look in the
organs. Weight loss is generally acceptable as a metric of
mouse body condition and has been used to monitor immu-
notherapy toxicity in mice57 and cynomolgus macaques.58

Depletion and neutralization studies

All depleting or neutralizing antibody injections were pur-
chased from Bio X Cell and injected IP unless otherwise
noted. Anti-IL5 (TRFK5) was given at 1 mg per dose 1 day
before each round of treatment began. Anti-IL6 (MP5-20F3)
was given at 400 µg per dose every 2 days starting 1 day before
treatment began. Anti-IL10 (JES5-2A5) was given at 500 µg
per dose every 3 days starting 1 day before treatment began.
Antibodies to neutralize IFNγ (XMG1.2) or TNFα (XT3.11)
were given at 600 µg per dose every 2 days starting 1 day
before treatment began. Anti-NK1.1 (PK136) was given at
400 µg per dose every 4 days starting 2 days before treatment
began for a total of four doses during survival studies. Anti-
Asialo-GM1 (Poly21460, Biolegend) was given at 50 µg per
dose every 4 days starting 2 days before treatment began.
Schedules and dosing for depletions or neutralization were
chosen to be at least as frequent and as high of doses as
previous work.29,59–61 Although we recognize that verifying
NK cell depletion is problematic when done with the same
clone, other strong antibody clones used to stain for NK1.1 do
not exist and so prior work has demonstrated depletion by
staining with the same clone.61

For the supplemental depletion and neutralization study,
depletions not already described were done by giving anti-NK
1.1, anti-Ly6G (1A8), anti-CD8α (2.43), anti-CD4 (GK1.5), or
anti-CD19 (1D3) at 600 µg per dose every 3 days starting
2 days before treatment began. Anti-CSF1R (AFS98) antibody
was given at 600 µg per dose every 2 days starting 2 days
before treatment began.

Protein production and purification

All therapeutic proteins were made in house. TA99 (mouse IgG2c
heavy chain and kappa light chain) was purified from a stably
transfected HEK293 F cell line grown in FreeStyle 293 media (Life
Technologies). 2.5F-Fc (mouse IgG2c heavy chain) and eIL2 (a
fusion of mouse serum albumin and IL2 (MSA-IL2))28 were
purified 6–8 days after transfecting gWiz plasmids into HEK293
cells using polyethylenimine in FreeStyle supplemented with
OptiPro (Life Technologies). For TA99 and 2.5F-Fc, supernatant
from centrifuged HEK293 cells was purified through rProtein
A Sepharose Fast Flow resin according to manufacturer’s instruc-
tions (GE Healthcare). MSA-IL2 was purified from HEK293 cell
supernatant using TALON® Metal Affinity Resin according to
manufacturer’s instructions (Clontech) and subsequent gel chro-
matography on a HILOAD 16/600 Superdex 200 PG column on
an AKTApurifier 10 fast protein liquid chromatography machine
(GE Healthcare). IFNα was produced in Rosetta-gami 2 (DE3)

competent E. coli (EMD Millipore) as previously described.29 All
proteins were tested to be below 0.1 EU/dose by the QCL-1000
chromogenic LAL assay (Lonza) and run on reducing and non-
reducing SDS PAGE 4–12% Bis-Tris gels (Life Technologies) to
confirm size. Fc-IL2 fusion protein used as eIL2 for the supple-
mental depletion and neutralization study was made by transfect-
ing HEK293 cells and purified in two steps using TALON resin
and anti-FLAG M2 Affinity Gel (Sigma-Aldrich) as previously
described.28

Flow cytometry

For analysis of NK cell activation, mouse spleens were collected
with no treatment or 1 day after treatment with TA99 and eIL2
or TA99 alone. After dissociation through a 70um filter and
ACK lysis, single cell suspensions were stained and run on
a LSRFortessa flow cytometer (BD Biosciences) at the Koch
Institute Swanson Biotechnology Center Flow Cytometry Core
Facility. eBioscience™ Fixable Viability Dye eFluor™ 780
(Thermo Fisher Scientific) and TruStain fcX (Biolegend) were
used for viability and Fc block prior to antibody staining.
Antibodies against CD3 (145-2C11), NK1.1 (PK136), B220
(RA3-6B2), CD11c (N418), CD43 (1B11), CD44 (IM7), CD69
(H1.2F3), and IFNAR-1 (MAR1-5A3) were purchased from
Biolegend. Antibodies against STAT1 (Clone 1/Stat1) and
STAT3 (232209) were purchased from BD Biosciences and
Thermo Fisher Scientific, respectively. For intracellular staining
of STAT proteins, the cells were first fixed and permeabilized
using the BD Biosciences Cytofix/Cytoperm kit according to
manufacturer instructions. For the gating strategy, NK cells
were gated first for single cells and viability, then on CD3 low
and NK1.1 high, before plotting the resulting NK cell popula-
tion median fluorescence intensity.

Systemic cytokine and chemokine levels

Blood was collected from three B16F10 tumor-bearing mice
per treatment group into BD Microtainer Clot Activator/SST
Gel tubes at time points 3, 24, 27, 51, and 75 h after injection
of TA99. The second and third time points are before and 3
h after injection of IFNα. eIL2 was injected either concur-
rently with TA99 or concurrently with IFNα. Serum was
collected after blood centrifugation, diluted 1:2 with PBS,
and flash frozen. Luminex multiplex assays were completed
by Eve Technologies using the Mouse Cytokine Array/
Chemokine Array 31-Plex panel. IL2 was excluded from the
analysis because IL2 was injected systemically so it would not
be indicative of a toxic response.

All data were analyzed using Microsoft Excel or Matlab
(Mathworks). To analyze the data from the multiplex assay,
AUCs of concentration versus time were calculated for each
cytokine/chemokine across the different treatment conditions
for all time points. The ratios of these AUCs for each cytokine/
chemokine were plotted for TA99 and 1-day staggered IFNα
comparing eIL2 given with TA99 versus given with IFNα.

PLSR analysis with 3 components and sevenfold cross-
validation was also done to assess which chemokine and cyto-
kine AUCs best explained the weight loss for each mouse. The
AUCs using only the time points 3 h after IFNα up to 2 days after
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IFNα were used for best explanation of the weight loss, quanti-
fied as change from treatment start to 2 days after IFNα. AUCs
and weight losses were z-scored prior to the PLSR. The first two
components explained 52% and 19% of the variation in weight
change, so plots shown were composed of loadings and scores
for just the first two components.

Organ and blood toxicity

Mice were euthanized at indicated time points after first treatment
with TA99 and whole blood samples or serum from non-tumor-
bearing C57BL/6mice were submitted at to the diagnostics facility
at theMITDCM. This facility performed automatedCBC analysis
and sent frozen serum samples to be screened on a Chem 11 panel
by IDEXX Laboratories. Organs were also taken at the same time
points for histology by the Histology Core Facility at the Koch
Institute’s Swanson Biotechnology Center. Kidneys, spleen, and
liver were fixed in 10% neutral buffered formalin before being
transferred to 70% ethanol for preservation prior to sectioning
and H&E staining. During necropsy, lungs were first inflated with
10% neutral buffered formalin through intratracheal injection
prior to excision, fixation, sectioning, and staining. Each organ
was assessed for level of inflammatory infiltrates by pathologist
Dr. Roderick Bronson at the Histology Core.

Statistical analysis

All statistical analysis was done using Graphpad Prism statistical
software. Kaplan Meyer tumor survival curves were compared
using a Log-rank (Mantel-Cox) test. Comparison between the
toxic and each other treatment group in weight loss plots was
done using one-way ANOVA with Dunnett’s multiple compar-
isons test. Flow cytometry plots compared all groups with each
other through one-way ANOVA with Tukey’s multiple compar-
isons test. AUC ratios were assessed for significance using a two-
way ANOVAwith Bonferroni’s multiple comparisons test. Organ
toxicity study results were examined using one t-test per time
point for each metric, then correcting for multiple comparisons
using theHolm-Sidakmethodwith an alpha of 0.05. All *indicates
p < 0.05 for the statistical test and all error bars are ± SEM.
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