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Abstract

Immunotherapies are an emerging strategy for treatment
of solid tumors. Improved understanding of the mechan-
isms employed by cytotoxic T lymphocytes (CTL) to control
tumors will aid in the development of immunotherapies.
CTLs can directly kill tumor cells in a contact-dependent
manner or may exert indirect effects on tumor cells via
secretion of cytokines. Here, we aim to quantify the impor-
tance of these mechanisms in murine thymoma EL4/EG7
cells. We developed an agent-based model (ABM) and an
ordinary differential equation model of tumor regression
after adoptive transfer of a population of CTLs. Models were
parameterized based on in vivo measurements of CTL infil-
tration and killing rates applied to EL4/EG7 tumors and
OTI T cells. We quantified whether infiltrating CTLs are
capable of controlling tumors through only direct, contact-

dependent killing. Both models agreed that the lowmeasured
killing rate of CTLs in vivo was insufficient to cause tumor
regression. In our ABM, we also simulated CTL production of
the cytokine IFNg in order to explore how an antiproliferative
effect of IFNg might aid CTLs in tumor control. In this model,
IFNg substantially reduced tumor growth compared with
direct killing alone. Collectively, these data demonstrate that
contact-dependent killing is insufficient for EL4 regression
in vivo and highlight the potential importance of cytokine-
induced antiproliferative effects in T-cell–mediated tumor
control.

Significance: Computational modeling highlights the
importance of cytokine-induced antiproliferative effects in
T-cell–mediated control of tumor progression.

Introduction
In the last decade, immunotherapies for cancer have moved

into the mainstream of clinical oncology. Antibodies targeting
immune checkpoints have been particularly successful, offering
significant advantages over chemotherapy in a range of advanced
metastatic, relapsed, and refractory solid tumors. CTLA-4, PD-1,
and PD-L1 inhibitors are now approved inmelanoma, non–small
cell lung cancer, renal cell carcinoma, urothelial carcinoma,
merkel cell carcinoma, and some colon cancers (1). Another
promising immunotherapeutic approach has been the transfer
of large numbers of cytotoxic T lymphocytes (CTL). The trans-
ferred cells can be either autologously derived tumor-infiltrating
lymphocytes (TIL), or engineeredwith a chimeric antigen receptor
(CAR) for tumor specificity. Note that 2017 saw the first FDA
approvals of CAR T cells for treatment of B-cell malignancies (2).
The potential of adoptive transfer therapies for solid tumors has
been highlighted in trials using TILs against melanoma (3–5), or

CAR T cells against a range of solid tumors (6–8). However, these
promising early results have so far failed to transfer into the clinic.

Many attempts are being made to improve the efficacy and
broaden the scope of cancer immunotherapies. For example,
immunotherapies can have a synergistic effect when applied
together with other immunotherapies (9, 10), or with traditional
treatments such as radiotherapy and chemotherapy (11, 12).
Optimal treatment scheduling and dosages are yet to be deter-
mined. Given the danger of life-threatening immune-related
adverse events following immunotherapy as well as the high costs
involved, biomarkers to indicate which patients are likely to
benefit from these treatments will be highly valuable. In partic-
ular, the immunosuppressive microenvironment, which often
characterizes solid tumors, represents a significant hurdle to the
expansion and improvement of immunotherapies. Given the
complex nature of the various mechanisms of interaction
involved in determining the success of immunotherapies, a quan-
titative understanding of the contribution of these various
mechanisms will be highly beneficial for the rational design and
optimization of cancer immunotherapies.

One highly relevant topic requiring greater quantitative insight
regards the mechanisms employed by CTLs to control tumors in
vivo. Indeed, these cells are key players in antitumor immune
responses, which they are thought to achieve through being
extremely efficient killers. This reputation has primarily been
established by in vitro studies showing evidence of serial or
simultaneous killing of several target cells in a short time
frame (13, 14). KillingbyCTLs is usually considered tobe "direct,"
i.e., contact dependent, and mediated by either perforin and
granzymes, or FAS-L. Several studies have suggested that direct
lysis of tumor cells by CTLs is extremely important in tumor
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control (15–18). However, the reported killing rates of CTLs in
vivo are typically low (19), and it is not clearwhether these rates are
indeed sufficient for control of tumors. Several studies have
highlighted the importance of "indirect" effects of cytokine sig-
naling by activated T cells in the control of tumors, in particular
IFNg (20, 21). IFNg may control tumors by exertion of an
antiproliferative effect (22), sensitization of tumor cells to FAS-
L–mediated death (23), recruitment of effector cells of the innate
immune system (24), and by causing widespread necrosis of
tumor cells along with tumor vasculature destruction (25).

In the current study, we quantitatively compare the importance
of direct, contact-dependent killing, with indirect cytokine-
mediated tumor control, based on published experiments in
which EL4/EG7 tumor cells were infused into mice (18). We
chose to focus on the EL4 tumor cell line, which, along with its
transformed Ova antigen–expressing derivative EG7, has been
widely used to explore the antitumor activities ofCTLs in an in vivo
setting (18, 21, 26–29). Using these cell lines, evidence has
emerged supporting an important role for IFNg in tumor control
by CTLs, yet a negligible role for direct killing, along with appar-
ently contradictory evidence suggesting an important role for
direct killing. Hollenbaugh and colleagues (30) transferred per-
forin- and FasL-deficient T cells into EG7 tumor–bearing mice,
and these deficient T cells were able to control tumors almost as
well as their wild-type counterparts. However, IFNg-deficient T
cells displayed a marked reduction in tumor control, suggesting
that IFNg rather than direct cytotoxicity was the primary mech-
anism used by CTLs to control the tumor. In contrast, Breart and
colleagues (18) used intravital two-photon imaging to show that
apoptotic events almost exclusively occurred when tumor cells
were contacted by T cells, thus arguing for a major role of direct
cytotoxicity. Moreover, they generatedmixed tumors, comprising
bothOva-expressing EG7 cells andnon–Ova-expressing EL4 cells.
In thesemixed tumors, only the antigen-expressing EG7 cells were
eliminated, arguing against an indiscriminate effect from IFNg .
We integrate the data acquired at various levels into both an
ordinary differential equation (ODE) model and a spatial agent-
basedmodel (ABM). Applying thesemodels to the in vivo data, we
show that the observed T-cell densities and slow killing rate were
insufficient to explain the population-level tumor regression
observed in the mice. We found that an antiproliferative effect
mediated through IFNg signaling allowed CTLs to influence far
more cells than direct killing alone, therefore leading to a sub-
stantially greater impact on tumor progression. Our modeled
scenario corroborated the notion that IFNg plays a crucial role
in EL4 tumor control, and reconciles this with the apparently
conflicting observation of low reported killing rates anddensity of
infiltrating CTLs.

Materials and Methods
Data interpretation

Because themain aim of this work is to test whether CTLs could
have controlled the tumor through the sole means of direct
killing, we favored "optimism" from the CTL viewpoint wherever
the in vivo dataset was ambiguous. Thus, we chosemodel assump-
tions that promoted tumor control through direct CTL killing.
Model parameters are summarized in Table 1.

Tumor cells. Tumor volume measurements in the absence of CTL
transfer were used to fit the growth rate of both our ODE model

and ABM. Based onmanual counting of the images, we estimated
that the density of tumor cells was approximately 106 cells mm�3.
This value is the default used in all our models. Moreover, Breart
and colleagues (18) used flow cytometry to estimate the absolute
number of tumor cells inside two tumors 10 days after inception
(in the absence of infused T cells). An average of 4� 106 cells were
recovered, at a time point where the average tumor volume was
approximately 17mm3, corresponding to a density of approxi-
mately 0.25� 106 cellsmm�3. Given that a substantial fraction of
tumor cells were likely lost during the cell isolation proce-
dure (31), this can be viewed as an absolute underestimate of
the tumor cell density. To convert between tumor volume and
number of tumor cells, we consider direct proportionality
between these quantities.

Dead tumor cells are not recognized by CTLs in our models yet
are not immediately removed from the models. Parnaik and
colleagues (32) found that cultured rat cerebellar neurons were
completely cleared within 3 hours of apoptosis by professionally
phagocytic microglia, whereas the same cells were incompletely
cleared after 9 hours by nonprofessionally phagocytic epithelial
cells. We therefore considered tumor cells to persist for an average
of 6 hours after apoptosis. Because the number of CTLs in our
modeled tumors is proportional to the tumor volume (the sumof
numbers of dead and alive cells), inclusion of dead tumor cells
increases the ratio of effector:alive target (E:T ratio) and thereby
increases the total killing rate.

CTLs. Breart and colleagues (18) transferred CTLs to mice on
day 5 after tumor injection. Before this point, we consider CTLs
to be absent from the tumor. Because killing undertaken by any
endogenous CTL should also occur in the control tumors where
no CTLs were transferred, this is already accounted for in our fit
to the tumor growth data in the absence of CTLs. Breart and
colleagues (18) measured the density of CTLs within the tumor
on days 7 (12,500 CTLs mm�3) and 8 (25,000 CTLs mm�3).
Based on our estimate of 106 tumor cells mm�3, this corre-
sponds to an E:T ratio of 1:80 on day 7, and 1:40 on day 8. Due
to the temporally sparse measurements, the exact dynamics of
T-cell infiltration into the tumor are not known, and for
simplicity, we linearly interpolated between the available data
points. Beyond day 8, further data on the density of infiltrating
CTLs were not recorded. In reality, T-cell numbers likely peak
and then decline a few days after adoptive transfer (22), and T
cells often suffer from exhaustion after extended time in the
tumor (33, 34). However, it is certainly possible that CTL
numbers continued to increase beyond day 8. In line with our
policy of taking the most optimistic assumptions from the CTL
viewpoint, we considered the ratio of effector T cells to total
tumor cells (effector:tumor-cell ratio) to continue to linearly
increase after day 8. Also in line with our policy, we do not
consider CTLs to diminish in effector function over time (which
would make it more difficult to control the tumor). CTLs kill
tumor cells at a default rate of k ¼ 4 CTL�1 day�1.

ODE model
Model setup.ODE simulations were performed in the R language,
using the package "deSolve 1.14." Models were fitted using
the Levenberg–Marquardt algorithm in the package "minpack.
lm 1.2-1." Our ODE model was designed to test whether CTLs
could control tumors with the observed direct killing rate of k¼ 4
kills CTL�1 day�1. Therefore, we deliberately simplified the
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model, with assumptions chosen to maximize the likelihood of
tumor control. The model consists of two coupled equations:

dT
dt

¼ gT � kEðtÞ; ðAÞ

dD
dt

¼ kEðtÞ � dD; ðBÞ

Thus, tumor cells T are considered to grow exponentially with
rate g (day�1) in the absence of CTLs, because the experimental
tumors clearly did not yet suffer from competition for resources
during the measurement interval (Fig. 1A). Tumor cells are killed
at rate k (CTL�1 day�1) by apopulation of effector cellsE(t), where
E(t) is determined based on the number of dead and alive tumor
cells (Data Interpretation, Fig. 1B):

EðtÞ ¼ lðT þ DÞ
0 if ðt � 5Þ
ðt � 5Þ if ð5<t � 7Þ
2ð1þ ðt � 7ÞÞ if ð7 < tÞ;

8<
: ðCÞ

with the parameter l arising from interpolation of the data
(l ¼ 1

160 cell
�1 day�1), which defines the rate of increase in the

effector:tumor-cell ratio E : ðT þ DÞ.
Killed cells D are cleared at rate d (day�1). We took the killing

rate to be proportional to the number of CTLs and independent of

the number of target cells, implying that CTLs are considered to
always kill at their maximal rate. In reality, a dual saturation
function, with saturation in both effector and tumor cell
number T, is a more complete description of CTL killing
(Supplementary Methods; refs. 35, 36). However, we aimed
to model a situation that favors CTL control of the tumor. In
such a best-case scenario from the CTL viewpoint, CTLs always
have sufficient targets to kill and need never search for targets.
As such our simplified ODE model is an extremely optimistic
scenario from the point of view of the CTLs. This simplification
implies that our model is a good approximation as long as the
E:T ratio remains sufficiently low.

ABM
Model setup. ABM simulations were implemented in Cþþ14,
using boost 1.69.0. Visualizations were rendered in Cþþ using
VTK 8.0. We use an asynchronously updating ABM to simulate
tumor growth, T-cell infiltration andmigration, and tumor regres-
sion. Our ABM features two types of agents: CTLs and tumor cells.
Tumor cells live on a regular 3D lattice where each cell occupies a
single lattice site; tumor cells do not share sites with each other.
Empty sites in the lattice represent extracellular matrix, or other
cell types not interfering with the tumor. Lattice sites have length
of 10 mm by default, roughly corresponding to our default tumor
cell density assumptions. Each tumor cell grid point contains

Figure 1.

ODEmodel suggests direct T-cell cytotoxicity is insufficient for control of EG7 tumors. A, Tumor growth is described as exponential growth (g¼ 0.86 day�1). B,
effector:tumor-cell ratio in the ODEmodel is estimated by linear interpolation of measured data points. After day 8, we assume a linear increase in CTL density. C,
ODE simulation of tumor dynamics in the presence of actively killing CTLs, with two different killing rates. Lines represent model fits, and dots represent
experimental data. D, Total number of CTLs in simulations with killing. Arrows in B–D indicate time of CTL transfer.
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information on the tumor cell type (either EG7 or EL4), the
amount of damage it has sustained fromCTL attacks, andwhether
it is alive or not. Throughout the simulation, we track the dis-
placement of the furthest tumor cell from the center of the lattice;
this measurement is used to dynamically adjust the size of the
simulation domain. The domain is a sphere, extending from the
lattice center out to a radius 5 lattice sites (50 mm) beyond the
displacement of the furthest tumor cell.

Tumor cell behavior. The tumor is initialized on day 0, by filling T0
lattice sites with tumor cells within a radius of Ri from the lattice
center. The simulation is advanced in timesteps of 1 minute (Dt).
At each timestep, each tumor cell is liable to replicate with
probability gDt. Cells replicate into a random neighboring square
if one is available.We implemented short-range dispersal (similar
to ref. 37) as a computationally inexpensive means to achieve
exponential, spheroidal tumor growth while comfortably allow-
ing simulation of over 108 individual agents. Candidate dividing
cells whose surroundings are fully occupied attempt to disperse
from the tumor with probability pdisp. Dispersing cells produce a
daughter cell for which a new location is chosen based on a
random walk with mean dispersal distance proportional to the
current tumor radius. If the chosen site is vacant, the daughter cell
occupies this site, otherwise the dispersal attempt fails.

CTL infiltration. CTLs are associated with a location correspond-
ing to a grid site; however, they are not explicitly represented on
the grid andas such can share spacewithotherCTLsor tumor cells.
Thus, CTLs do not contribute to the tumor mass and are able to
move through tumor tissue, attempting to form conjugates with
antigen-expressing tumor cells. We allowed for such co-occupan-
cy because CTLs can easily move in between other cells in densely
packed environments, such as a lymph node (38) or the skin
epidermis (39), and are able to cooperate to kill individual
targets (19). Because of the relatively loweffector:tumor-cell ratios
observed in the experimental data, in practice our CTLs rarely
share lattice sites. Specifically, two ormore CTLs share a lattice site
only approximately 2% of the time, and 3 or more share a site
approximately 0.01%of the time on day 8 of a typical simulation.
Following the experimental setup, CTLs infiltrate the tumor on
day 5 after tumor inception. New CTLs arrive at random points
within the existing simulation domain. At each timestep, a target
number of CTLs is calculated based on the effector:tumor-cell
ratio we estimated from the data (in equivalence with the ODE
model). If the number of CTLs inside the simulation is below the
current target, new CTLs are added to the simulation until the
target is reached. CTLs are only removed from the simulation
when theymigrate outside the simulationdomain. Thenumber of
CTLsmay therefore exceed the target density, albeit only while the
tumor disappears more quickly than CTLs migrate out of the
simulation domain.

CTL migration. CTLs migrate until they reach a site occupied by a
tumor cell; CTLs that migrate outside the simulation domain are
removed. Although aCTL ismigrating, each timestep, it randomly
moves to an adjacent lattice site within its 3D Moore neighbor-
hood including its current location. Thus, there is a 1/27 prob-
ability of nomovement, a 6/27probability of a 10mmmovement,
8/27 probability of a 10

ffiffiffi
2

p
mm movement, and a 8/27 proba-

bility of a 10
ffiffiffi
3

p
mm movement. Therefore, the resulting migra-

tion speed is 11.5mmperminute, which is in close agreementwith
previouslymeasured values in the EL4/EG7 tumor (29). CTLs that
find tumor cells arrest with probability parr, and subsequently
attack tumor cells with probability phit or detach and resume
migration with probability pdet. By default, parr ¼ 1 and pdet ¼ 0,
although these are varied to parr ¼ 0.9 and pdet ¼ 0.01 in the
simulations where we examine multihitting CTL. CTLs are imme-
diately released from conjugates if the target cell dies.

Effects of CTLs on tumor cells. Tumor cells may sustain nhit hits
from CTLs before apoptosis occurs. By default, nhit ¼ 1, in which
case, CTLs attack targets with an attack rate identical to the killing
rate. In simulations where multiple hits are required for tumor
cell death, the base attack rate is multiplied by the number of
hits required for apoptosis. Therefore, the overall killing potential
of the CTLs is controlled between single-hit and multiple-hit
simulations to obtain equal killing rates.

In simulations with IFNg , that cytokine is produced at a
constant rate by CTLs while conjugated with tumor cells. IFNg
is consumed by tumor cells, and tumor cells cannot divide when
the local IFNg concentration exceeds a threshold value. We set the
diffusion parameters such that the threshold occurs at around
3-cell lengths away from a conjugated CTL. For details, see the
Supplementary Methods.

Mixed tumors.We simulated mixed EL4/EG7 tumors by seeding a
50/50mixture of cells on day 0. The only difference between these
cell types is that EG7 cells are not recognized by CTLs.

Results
Direct CTL cytotoxicity is not sufficient to mediate in vivo
regression of EG7 tumors

In the in vivo data of Breart and colleagues (18), transferred OTI
effector T cells rapidly controlled an infusedEG7 tumor, following
direct contact with tumor cells. However, each infiltrating CTL
killed on average only 4 tumor cells per day, and it is unclear if
tumor regression should be expected based on the density and
cytotoxic activity observed in this in vivodata. To testwhether CTLs
could reasonably be expected to control the in vivo tumors, we
employed an ODE model (see Materials and Methods) that
integrated the measurements made at various levels. Instead of
providing a detailed description of the tumor and its interactions
with the immune system, the goal of this model was rather to
assess the possibility that direct killing could have solely
accounted for tumor regression. The simplifications that wemade
in the ODEmodel always favored the CTLs, i.e., they made tumor
regressionmore likely. If indeed CTLs were capable of controlling
the tumor by direct killing alone, tumor regression would cer-
tainly be observed in this simplified model.

Modeling tumor growth as an exponential process resulted in a
good match to the tumor measurements from Breart and collea-
gues (18) for the case without T-cell transfer (Fig. 1A), suggesting
that tumor growth was not yet inhibited by factors such as
competition for nutrients. Subsequently, we introduced a popu-
lation of CTLs into this model, with effector:tumor-cell ratio
based also upon experimental measurements (Fig. 1B). The
impact on the tumor was limited when CTLs killed tumor cells
at a rate of k¼ 4 CTL�1day�1 as reported by Breart and colleagues
(Fig. 1C; ref. 18), despite the continuous increase in intratumoral
T-cell numbers (Fig. 1D). The killing rate measurements were
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relatively uncertain compared with the other parameters in the
ODE model, perhaps having varied over time or throughout the
tumor. To address that uncertainty, we simulated CTL popula-
tions killing with rate up to k ¼ 16 CTL�1day�1, which is at the
high end of the range of reported estimates for CTL killing
performance in vivo (40). As a side note, in this model, such a
4-fold increase of the killing rate is equivalent to a 4-fold increase
of the CTL infiltration rate. With k ¼ 16, our simulated tumors
were controlled, although this control occurred only atmuch later
time points thanwas the case for the in vivo tumors. Thus, even for

the extremely optimistic scenario we consider and using a sub-
stantially higher killing rate than was measured experimentally,
direct CTL lysis alone could not explain the observed in vivo tumor
regression.

ABM supports notion that CTL cytotoxicity is insufficient to
mediate in vivo regression of EG7 tumors

We developed a spatially explicit ABM with tumor cells and
CTLs as agents to contrast against the idealized ODE model
(Fig. 2A and B). As in the ODE model, in the ABM the overall

Figure 2.

ABM confirms that direct T-cell cytotoxicity is insufficient for control of EG7 tumors. A and B, ABM tumor infiltrated by CTLs on day 7. EG7 with free adjacent
lattice sites can proliferate (EG7p). EG7 with no free adjacent lattice sites are nonproliferating (EG7n.p), although they may still disperse (see Materials and
Methods). C and D, Comparison of tumor evolution in ABM (solid lines) and ODEmodel (dashed lines) without (C) and with (D) transferred CTLs, where arrow
indicates time of CTL transfer. E, Fraction of CTLs in a conjugate with a tumor cell throughout ABM simulations.
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growth rate of the tumorwasmatched to the data in the absence of
CTLs (Fig. 2C), although the ABM differs in that tumor cells
cannot divide when fully surrounded, i.e., there is competition
for space (Supplementary Video S1). Tumors weremuch less well
controlled in theABM than theywere in theODEmodel (Fig. 2D);
even at a killing rate of k ¼ 16 CTL�1day�1, the tumor was not
controlled in the ABM. There are two reasons for this discrepancy.
First, when compared with the ODE model, the ABM has the
added requirement that CTLsmust migrate in order to find tumor
cells to kill. Indeed, the fraction of CTLs in conjugates was lower in
simulations with k ¼ 16 CTL�1day�1 than in those with k ¼ 4
CTL�1day�1(Fig. 2E), because faster killing CTLs spend less time
conjugated with tumor cells. The second source of discrepancy
between theODEandABM results stems from the competition for
space between tumor cells that occurs in our ABM; CTL killing
eases such competition, so tumor control is more difficult. Thus,
the idealized ABMhighlights that CTLsmightmake their own job
more difficult by being highly efficient killers. Overall, the ABM

simulations confirm that CTL-mediated direct killing alone can-
not explain EG7 tumor regression.

IFNg-mediated cell-cycle arrest is sufficient for tumor control
Because IFNg has been widely implicated in tumor eradica-

tion (20–25), we added production and diffusion of this cytokine
to our ABM. We focused on an antiproliferative effect of IFNg
because Breart and colleagues (18) only detected apoptosis in
tumor cells directly contacted by CTLs, an observation that is
inconsistent with the notion of significant IFNg cytotoxicity
toward EG7 cells. To test the contribution of the putative anti-
proliferative effect of IFNg , we simulated tumors with k ¼ 4
CTL�1day�1 or k ¼ 16 CTL�1day�1, in the presence or absence
of IFNg . In our simulated tumors, the antiproliferative effect of
IFNg was much stronger than the contact-dependent CTL lysis,
even with k ¼ 16 CTL�1day�1 (Fig. 3A). Although tumors were
rapidly controlled in our model with IFNg , they were not entirely
eradicated. This can be explained by the low number of CTLs in

Figure 3.

Antiproliferative IFNg leads to tumor control. A, Simulated tumor volume compared with and without IFNg-producing CTLs. B, Total CTL numbers in simulations
with or without IFNg . C, Fraction of CTLs in conjugates in simulations with and without IFNg .D, Tumor on day 8, in the presence of IFNg .
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the IFNg simulations (Fig. 3B), together with the fraction of
conjugated CTLs, which drops after the onset of tumor regression
for k ¼ 16 CTL�1day�1 (Fig. 3C). CTLs mostly eradicate tumor
cells in the center of the spheroid, but some pockets of tumor cells
in the periphery survive and allow the tumor to escape (Fig. 3D;
Supplementary Video S2). These modeled behaviors are consis-
tent with literature observations that solid tumors "melt from the
inside" (41), and that EL4 tumors may rebound after an initial
response to transferred CTLs (42). In summary, tumor cell-cycle
arrest due to cytokine production by CTLs in addition to their
cytotoxicity can explain the observed response of EG7 cells to a
population of transferred CTLs.

CTL cooperativity leads to heterogeneity in killing rate
OurABMpredicted an almost negligible role for direct killing in

tumor regression, with or without the presence of IFNg . However,
the CTL killing rate may in reality have been higher than the
measured k¼ 4CTL�1day�1 andmaynot have been constant over
time (36). Factors that could play a role here include the ability of
CTLs to kill collaboratively (19) and that of cancer cells to resist
multiple CTL "hits" before apoptosis is triggered (43). We there-
fore used our ABM to assess whether the measurement of k ¼ 4
CTL�1day�1 could have resulted from a higher "intrinsic" CTL
killing rate. We compared simulations in which tumor cells die
after a single "lethal hit" with simulations where an accumulation
of several hits was required for apoptosis. There was no substan-
tive difference between the single-hit and multihit scenarios in
terms of tumor growth (Fig. 4A), or number of CTLs (Fig. 4B). At
early timepoints, the fractionofCTLs in conjugates in themultihit
model was slightly higher than in the single-hit model (Fig. 4C),
and the temporal pattern of killing rate per simulated CTL
(Fig. 4D) or per conjugated CTL (Fig. 4E) differs between the
two settings. Multihitting CTL populations initially killed at a low
rate, because targets had generally not acquired enoughdamage to
die. Subsequently, targets accumulated damage, and the mani-
fested killing rate per conjugated CTL rose above the killing rate
for the single-hit scenario (Fig. 4E). Similar to the killing rate
measurement procedure of Breart and colleagues (18), we mea-
sured killing in 100 mm � 100 mm � 30 mm "windows" for a
2-hour period at the beginning of day 8 during a cumulative total
of 75 hours of conjugated CTL imaging time (18). Our analysis
shows that such sample sizes in general reflect the global killing
rate well (Fig. 4F). As a side note, in our model, the infiltration of
the tumors by CTLs was relatively homogeneous, meaning that
damage to targets occurred roughly evenly throughout the tumor
(Fig. 4G). Although heterogeneous infiltrationmay lead to strong
spatial variability in killing rate, we conclude that temporal
variation in killing is likely large, especially when CTLs cooperate.

Direct killing plus antiproliferative IFNg accounts for selective
elimination of antigen-positive cells

Breart and colleagues (18) noted that in mixed EL4/EG7
tumors, the non–cognate antigen-expressing tumor cells (EL4)
grew more or less unconstrained, and it is unclear whether the
antiproliferative effect of IFNg is consistent with this finding. We
therefore simulatedmixed tumors, containing patches of antigen-
positive EG7 cells or antigen-negative EL4 cells. EL4 cells were
considered not to be recognized and thus not affected by direct
interactionswithCTLs, but could be affected by IFNg that diffused
from nearby locations. When initialized with a 50% mixture of
EL4/EG7 cells, our simulated tumors form patches with similar

spatial dimensions to the images from Breart and colleagues
(Fig. 5A). We simulated the transfer of CTLs into themixed tumor
model, uponwhich CTLs preferentially accumulated in regions of
Ova-expressing EG7 cells where they began killing these cells and
secreting IFNg (Fig. 5B; Supplementary Video S3). IFNg concen-
trations were generally higher in regions of EG7 cells compared
with regions of EL4 cells, yet despite the limited (�30 mm) range
of IFNg diffusion in our model, many EL4 cells were prevented
from replicating for a period of approximately 2 days, when the
activity of the CTLs was greatest (Fig. 5C). By day 10, most EG7
cells were eliminated, and the CTLs, being deprived of stimula-
tion, stopped producing IFNg . After this point, EL4 cells resumed
growth, eventually filling the spaces left behind by the dead EG7
cells. EL4 cells were thus not so much affected by the presence of
theCTLs. In conclusion, local productionof antiproliferative IFNg
is consistent with the experimental observation that withinmixed
tumors primarily cognate antigen–expressing cellswere cleared by
CTLs.

Discussion
Immunotherapies involving CTLs are able to mediate regres-

sion or tumor control in cancers that were previously out of reach
for conventional treatments. Despite major progress, many
patients fail to respond, and the mechanistic insight required to
explain this disparity in outcomes is lacking. Lysis of infected or
malignant cells following direct physical contact is the canonical
CTL effector function, but indirect effects of CTLs such as pro-
duction of cytokines are increasingly recognized as having an
important role inCTL-mediated tumor regression (21, 22, 25, 44).
The relative importance of these different mechanisms remains
unclear and is likely todependon characteristics of both the tumor
and the T cells involved. Here, we developed an ABM and anODE
model of tumor regression following adoptive transfer of a
population of CTLs attacking EL4/EG7 tumor cells. Using these
models, we attempted to quantify the relative contribution of
direct CTL killing toward tumor regression in the EL4/EG7model.
Our simulated tumors were not controlled by direct CTL killing
only, so we conclude that direct killing was not a sufficient
explanation for regression in the EL4 tumor model.

In our ABM,we also included simulation of an antiproliferative
effect of IFNg , becauseHollenbaugh and colleagues (21)observed
that IFNg-deficient T cells display substantially reduced tumor
controlling abilities. We modeled an antiproliferative effect
because the tumor cells were only observed to die after CTL
contact, evidence against a substantial long-distance cytotoxic
effect of IFNg in this in vivo setting. IFNg secreted by CTLs has
been shown to contribute to regression in a different tumor
model (22), by arresting the cell cycle of tumor cells. Although
IFNg has no direct antiproliferative effect on EL4 cells in vitro (22),
it has been shown that nitric oxide (NO) is secreted by stromal
cells after exposure to IFNg (21). SuchNO reduces proliferation of
EL4 cells in vitro (21), and thereby provides a possiblemechanism
for the growth inhibition included in our model. Note that we
incorporated a direct effect of IFNg on tumor proliferation rather
than explicitly including this potential cascade of events, because
detailed quantitative measurements on these mechanisms are
currently lacking.

Although the antiproliferative effect of IFNg may be an impor-
tant contributor to tumor control, IFNgmayhavehadother effects
that we did not take into account. First, although we were able to
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Figure 4.

T-cell cooperativity causes heterogeneity in killing rate.A–E, Comparison of simulated tumor volume (A), total number of CTLs (B), fraction of conjugated CTLs
(C), killing rate per simulated CTL (D), and killing rate per conjugated CTL (E) between simulations, where CTLs required 1 or 5 hits to kill targets, in the presence
of IFNg . Arrow inA, CTL transfer. F, Killing rate measured from 2-hour windows beginning on day 8.G, Distribution of dead (EG7d), damaged ("hit," EG7h), or
healthy ("unhit," EG7u) tumor cells.
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explain regression without a substantial cytotoxic effect of IFNg ,
we cannot exclude that possibility. Because such an effect does not
act specifically toward tumor cells presenting cognate antigen, it
may be an important mechanism to control antigen loss variants,
which might otherwise allow tumors to recur. Second, IFNg may
induce immuno-tolerance, leading to decreased CTL effector
function (45). Third, it has been speculated that IFNg aids in
control of tumors by recruitment of innate effector cells (24), or
destruction of tumor vasculature (44). Our model included
neither of these effects because they were not apparent in the
experiments we based our model on. However, it is possible

that these events happened at a later time, after observations of
CTL killingweremade. This further underlines thatmeasurements
are required throughout the entire course of tumor rejection,
in order to gain a full understanding of the sequence of events
that occurs.

Apart from the role that IFNg may play in tumor control, our
modeling has also highlighted a potential explanation for tem-
poral variation inmeasured killing rates of CTLs. Tumor cells may
be able to endure multiple attacks from CTLs before apoptosis is
triggered (19, 43). When we implemented such variability in our
model, we indeed found an increase in killing rate over the course

Figure 5.

Antiproliferative IFNg explains selective destruction of EG7 cells within EG7/EL4-mixed tumors. A, Example 2D slice from the center of a simulated mixed tumor
8 days after tumor inception. B, Images showing examples of tumor composition (T cells, red; EG7 cells, yellow; EL4 cells, blue; IFNg concentrations, purple) on
day 8 during the course of EG7 regression. C, Evolution of the total volume of EG7 or EL4 cells in mixed tumor simulations. Arrow, time of CTL transfer.
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of tumor regression. This dependence of killing rate upon mea-
surement time is in agreement with our previous modeling
work (36) on T-cell–target cell interactions.

A criticism of our approach could be that our simulations do
not capture all the myriad complex interactions within the tumor
microenvironment. Indeed, our models are a highly idealized
representation of reality, because they contain only the mechan-
ismswe explicitly chose to include. Thiswould likely be aproblem
if using the model as a fully predictive tool for other settings,
because the model predictions will not be valid in tumors where
unincludedmechanisms are important. However, when applying
themodel as a diagnostic tool (as we have here),model simplicity
is a major advantage. This approach allowed us to quantitatively
test whether observations made at the cellular level could explain
emergent behavior of the tumor as a whole, without the inter-
ference of confounding variables.

Our work highlights the need for further investigation of
indirect effects mediated by CTLs in an antitumor immune
response. Althoughmanymechanisms utilized byCTLs to control
tumorshavebeen identified, quantitativemeasurements detailing
their contribution to regression are scarce. Such quantitative
understanding would enable a more sophisticated and sys-
tems-basedunderstanding of the interplay of variousmechanisms
in tumor regression following immunotherapy—and likely
enable better targeted interventions. Future studies should there-
fore aim to characterize the potential contribution of various
mechanisms to tumor regression. Computational models that
integrate in vitro and in vivo experiments, such as those developed
here and as developed by others (46–48), can be a valuable tool to
aid in this process.
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