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Figure 7: Symbiotic behaviour of Equations (9)-(12). Averaged spatial behaviours of
the (a) tumour density, (b) metabolic fractions, (c) metabolite concentrations, and (d) oxy-
gen concentration, at steady state. Shown are the means (curves) and standard deviations
(shaded areas) from 10* uniformly distributed samples from the parameter region giving rise
to symbiotic behaviour; that is, from the region in which consumption of lactate (k1) and
glucose (k) are high with k7, > kg, and the characteristic preference for lactate (a) is high.
Fixed parameters are listed in the top portion of Table 1.

setting k. = 0. Contrary to the prediction of Sonveaux et al. (2008), blocking
s MCT1 has no effect on necrosis in our model system—except when, in cases of
high hypoxia, it decreases necrosis (Figure 9a-c). These latter cases are mostly,
but not entirely, limited to tumours which were non-symbiotic in wildtype, and
thus the effect of CHC may be less straightforward than assumed.
CHC treatment does have the expected effect on hypoxia in our model sys-
a0 tem, in that the extent of oxygenation is increased when lactate uptake is inhib-
ited (Figure 9b-f). However, this effect correlates only loosely with the amount
of symbiosis exhibited by the wildtype system, with substantial reductions in
the extent of hypoxia occurring even in the absence of wildtype symbiosis. In-
stead, the effect correlates exactly with the extent of hypoxia that was already
a5 present in the wildtype system, with greater reductions occurring for tumours
with more extensive wildtype hypoxia.

4.4. Experiments suggest weak symbiosis in US7 tumours

One of the model criteria for strongly symbiotic behaviour, as discussed in
Sections 4.1 and 4.2, is that the tumour exhibits a strong characteristic prefer-
wo  ence for lactate over glucose as a metabolic substrate (i.e. that a is large). From
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Figure 8: Weakly- or non-symbiotic behaviour of Equations @)-. Averaged spatial
behaviours of the (a) tumour density, (b) metabolic fractions, (c¢) metabolite concentrations,
and (d) oxygen concentration, at steady state. Shown are the means (curves) and standard
deviations (shaded areas) from 10* uniformly distributed samples from the parameter region
giving rise to weakly- or non-symbiotic behaviour; that is, from the region in which consump-
tion of lactate (kz,) and glucose (kq) are high with kg > kr,, and the characteristic preference
for lactate (a) is low. Fixed parameters are listed in the top portion of Table

our in vitro experiments on the metabolic characteristics of U87 tumours (out-
lined in Section, it is evident that increasing the amount of available lactate
leads to a reduction in the extracellular acidification rate (Figure and a
corresponding increase in the oxygen consumption rate (Figure , which to-

ws  gether signal consumption of lactate by oxidative phosphorylation. However,
there is only a slight decrease in glucose uptake with increasing lactate concen-
tration (Figure , indicating that the cells do not exhibit a strong character-
istic preference for lactate but instead consume glucose at a similar rate whether
or not lactate is available.

450 A caveat here is that glutamine and pyruvate were present in the system due
to incubation of the cells in standard medium, and, given the interconnectedness
of the glucose/lactate/glutamine/pyruvate metabolic pathways, we cannot be
sure of the impact of these metabolites. However, we expect our salient result—
a qualitative indication of whether or not U87 cells exhibit a marked substrate

sss  preference—to hold so long as glutamine and pyruvate do not together suppress
a preference that would have been strong in their absence.

Provided this assumption is valid, these experiments suggest that the param-
eter representing preference for lactate (a) is likely to be small, which places U87
glioblastoma tumours approximately into the regime in which only weakly sym-
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Figure 9: Effect of MCT1 inhibition on necrosis and hypoxia. Increase in necrosis
(left column) and extent of tissue oxygenation (right column) relative to wildtype, obtained
by numerically solving Equations @- with 10* parameter points sampled uniformly from
the ranges in the bottom portion of Table [T} and comparing these to solutions for the same
parameter points but with k7, = 0 to simulate MCT1 inhibition by CHC. Shown are the
increase in necrosis and increase in oxygenation as functions of the amount of symbiosis (top
row), necrosis (middle row), and hypoxia (bottom row) that were already occurring in the

wildtype systems.
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Figure 10: Experimental metabolic dynamics of U87 glioma cells in vitro. Metabolic
rate dynamics in U87 glioma cells cultured in vitro over varying concentrations of lactate in
the medium, as outlined in Section[3:3] (a) Extracellular acidification rate (ECAR), a marker
of the net effect of glycolysis and lactate consumption; (b) oxygen consumption rate (OCR),
a marker of oxidative phosphorylation; and (c) activity of fluorodeoxyglucose ([18F]FDG),
a marker of glycolysis. Multiple comparison of a balanced one-way analysis of variance
(ANOVA) was performed on the data to test whether the mean measurement for each non-
zero lactate concentration was significantly different from the zero lactate concentration. One
star indicates a p-value less than 0.05 (but greater than 0.01), two stars indicate a p-value
less than 0.01 (but greater than 0.001), and three stars indicate a p-value less than 107%.
Increasing the concentration of available lactate leads to a statistically significant decrease in
ECAR and a significant increase in OCR, but a much less significant change in [18F|FDG, sug-
gesting consumption of lactate by oxidative phosphorylation without a strong characteristic
preference for lactate over glucose as a metabolic substrate.

w0 biotic behaviour develops—but U87 tumours are highly malignant. This raises
the question of how symbiosis might correlate with tumour aggressiveness. It
is perhaps possible that symbiotic tumours are stabilised by their metabolic
cooperation and insulated from oxygen-dependent treatments, but at the cost
of being less malignant than non-symbiotic tumours. This connection, or lack
w5 thereof, remains to be explored.

5. Discussion

In summary, our aim has been to examine the symbiosis hypothesis put
forward by [Sonveaux et al.| (2008) and address the disagreement in in vivo
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experimental support between their results and those of Busk et al.| (2011). We

a0 have pursued this by developing a minimal spatial model of dual glucose-lactate
consumption, which is an extension, with simplifications, of a non-spatial model
presented by [Mendoza-Juez et al| (2012). Our main findings from this model
are that, while symbiosis arises over a substantial portion of the parameter
space, it requires cells to be extremely metabolically active, and whether such a

a5 parameter regime is clinically realistic remains to be established. For the most
part, the occurrence of symbiosis is mutually exclusive with the occurrence
of necrosis in the tumour core, and, as predicted by [Sonveaux et al.| (2008),
the latter is caused by nutrient deprivation (rather than by acidosis or severe
anoxia). However, symbiosis and necrosis do not exhibit the same dependence

a0 on the model parameters, indicating that symbiosis may not directly ‘rescue’
tumours from nutrient starvation.

We also have found that simulation of MCT1 inhibition does not cause the
increase in necrosis in the tumour core that was expected to result from in-
creased glucose consumption by cells at the formerly lactate-consuming tumour

s edge. This places our results in line with those of [Busk et al.|(2011)), who saw
no increase in necrosis upon CHC administration in vivo. MCT1 inhibition
does cause an increase in the extent of tissue oxygenation in our model system,
as predicted by |Sonveaux et al.| (2008), but this correlates with the extent of
hypoxia that was present in the wildtype system rather than with its strength

w0 of symbiosis. This result gives the promising indication that CHC may be a vi-
able radiosensitisation strategy wherever there is oxidative lactate consumption,
independently of whether the tumour exhibits a spatially well-defined symbiosis.

Furthermore, we have demonstrated experimentally that U87 glioma tu-
mours consume lactate but do not exhibit a discernible characteristic preference

w5 for lactate over glucose as a metabolic substrate (Figure , one of the condi-
tions required for strongly symbiotic behaviour under our modelling framework.
US87 tumours are known to be highly malignant, and thus our experimental re-
sults compel us to take a step beyond the original hypothesis and raise the new
question of whether symbiosis, if indeed it occurs in vivo, may be advantageous

s0 or disadvantageous (or neither) for clinical malignancy. Under some conditions
necrosis appears to be associated with tumour-promoting inflammation and ac-
celerated tumour growth (Degenhardt et al.|2006), such that the relationship
between necrosis-reducing symbiotic behaviour and malignancy may not be a
simple one.

505 We caution that our model is an abstract, minimal representation of tumour
glucose-lactate metabolism, and real tumour metabolic systems are a great deal
more complicated than what we have considered here. As such, our conclusions
should be taken more as theoretical, in-principle statements than as prescrip-
tive of what occurs in real tumours in vivo. The framework developed here can

so be extended in a variety of directions. For example, we do not accommodate
vasculature dynamics here, but instead assume the somewhat abstract feature
of a fixed capillary shell, and hence the model cannot be used to explore the
vasoactive role of lactate (Ido et al.2003| Hein et al. [2006]) or the effect that
MCT1 inhibition may have on angiogenesis (Sonveaux et al.|2012). It would also
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sis be useful to incorporate intracellular lactate (Parks et al.[[2013) into the mod-
elling framework for comparison with experiments by |Colen et al.| (2011) which
induced tumour necrosis by blocking lactate efflux, or to extend the framework
further via consideration of glutamate and glutamatergic signalling.
It is worth noting that our tumour radius has been fixed at 0.02 cm through-
s0 out, to capture the lengthscale of a typical avascular tumour, and for simplicity
we have not considered varying this here. However, we expect that the conse-
quences would be straightforward—a smaller tumour would exhibit fewer spatial
features due to less-pronounced gradients, and a larger tumour would develop
a necrotic core with a surviving region, of a length similar to that considered
s»s here, in which the metabolic dynamics predicted by our model would occur. A
systematic examination of different lengthscales, however, could prove useful for
determining the earliest point in tumour growth at which spatial features may
develop. Similarly, we have asserted that our model system can be considered
to describe localised pockets within a large, heterogeneous tumour; but it would
s be beneficial to explicitly model such a tumour as a whole, as this would intro-
duce spatial complexities and facilitate more direct comparisons with medical
neuro-imaging «n vivo.
Our in vitro experiments were preliminary, and served simply to facilitate
some speculation as to whether tumours might exhibit some characteristic pref-
s35  erences regarding metabolic substrates, and where such preferences might place
the tumours in our model parameter space. These experiments should in future
be extended to a series of microfluidic (Whitesides| 2006, [Huang et al. 2011}
Zhang & Nagrath| 2013 or in wvivo measurements of metabolic consumption
for a variety of tumour types—similarly to [Sonveaux et al.| (2008) and |Busk
s |et al.| (2011) but with local glucose and lactate consumption rates measured
quantitatively—as these would help to place tumours in our model parame-
ter space far more accurately than we have attempted here. Such experiments
could thereby more conclusively establish whether symbiosis is likely to be a
significant feature of tumours in vivo.
545 Nevertheless, the minimal spatial model presented herein has enabled some
predictions which can be tested experimentally—in particular, the relationship
(or lack thereof) between the occurrence of symbiosis and degree of clinical
malignancy can be investigated—and which support the in vivo observations of
Busk et al.| (2011) with regard to CHC-induced necrosis over those of [Sonveaux
ss0 |et al.| (2008). Hence, we hope that this work is illustrative of the gains that can
be made by integrating mathematical modelling with experiments for clearer
and more rigorous testing of hypotheses in oncology.
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