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Abstract 

Immune checkpoint inhibitors have become a standard therapy for several cancers; 
however, the response is inconsistent and a method for non-invasive assessment has not 
been established to date. To investigate the capability of multi-modal imaging to evaluate 
treatment response to immune checkpoint blockade therapy, we employed 
hyperpolarized 13C MRI on tumor bearing mice using [1-13C] pyruvate and [1,4-13C2] 
fumarate to detect early changes in tumor glycolysis and necrosis, respectively. Following 
αPD-L1 Ab + αCTLA-4 Ab dual immune checkpoint blockade (ICB)  therapy, dynamic 
contrast enhanced (DCE) MRI was used to determine the treatment effect on intratumor 
perfusion/permeability. Mice bearing MC38 colon adenocarcinoma and B16.F10 
melanoma were used as sensitive and less sensitive models, respectively to immune 
checkpoint dual blockade of PD-L1 and CTLA-4. Glycolytic flux significantly decreased 
upon treatment in the less ICB sensitive B16.F10 model but remained essentially 
unchanged in MC38 tumors. Imaging [1,4-13C] fumarate conversion to [1,4-13C] malate 
showed a significant increase in necrosis in the treatment group for the ICB sensitive 
MC38 tumor (p = 0.0003), with essentially no change in ICB sensitive B16.F10 tumors. 
Histological assessment showed increased necrotic tissue with enhanced lymphocyte 
infiltration in the MC38 treatment group, suggesting immunogenic tumor cell death. 
Dynamic contrast enhanced MRI showed significantly increased perfusion/permeability 
of Gd-DTPA in MC38 treated tumor, while a similar trend but statistically non-significant 
change was observed in B16.F10 treated tumor. These results provide imaging 
biomarkers to detect early response to cancer immunotherapy, allowing qualitative 
assessment of tumors treated with immune checkpoint blockade therapy. 
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Introduction 

Immunotherapy using immune checkpoint blockade (ICB) has emerged as a 
promising cancer treatment1. ICB therapy removes inhibitory signals of T cell activation 
by blocking co-stimulatory receptors or ligands such as PD-1, PD-L1, and CTLA-4, 
enabling tumor-reactive T cells to override regulatory mechanisms and exhibit antitumor 
activity2. A key feature of this therapy is the highly durable tumor response, resulting in a 
plateau in the tail of the survival curve unlike chemotherapy or genomically targeted 
therapy the benefits of which tend to diminish as time progresses3. Despite the potential 
of this type of therapy, the remarkable responses to ICB are limited to a fraction of patients. 
Thus, an accurate and reliable tool for assessment of early treatment response is needed. 
While several biomarkers including PD-L1 expression, tumor mutation burden, mismatch 
repair deficiency, tumor-infiltrating lymphocytes (TILs) have been proposed, none of them 
has become a gold standard for predictor of treatment response to date4. The reason for 
this absence is explained by the unique response to immunotherapy. Unlike cytotoxic 
therapy, where the effectiveness can be frequently judged by the reduction in the size of 
the tumor, the treatment response in immunotherapy is often delayed; tumors transiently 
enlarge or new lesions appear in the early stages only to be followed by tumor shrinkage 
or long-term stability of tumor size5,6. The delayed response can pose a potential problem 
in designing treatment plans. In order to alleviate this problem, the immune-related 
response criteria (irRC), immune-related response criteria (irRECIST), and immune 
RECIST (iRECIST) were developed for imaging assessment of treatment response. 
These criteria require a consecutive scan at least 4 weeks apart for confirmation of 
progressive disease6,7.  When the treatment is found ineffective, patients may lose the 
opportunity to receive other treatments during the assessing time. Thus, developing an 
early prediction of the treatment response to immunotherapy is of great importance8. 

Treatment response to cancer immunotherapy is closely related to the tumor 
microenvironment. Immunologically “hot” tumors are typically characterized by a high 
degree of CD8+ cytotoxic T cells infiltration9. A lack of CD8+ T cell infiltration and the 
presence of immune suppressor cells including regulatory T cells, myeloid derived 
suppressor cells, and type II macrophages are one of extrinsic mechanisms of resistance 
to immunotherapy10. Recently, increased metabolic competition between tumor cells and 
immune cells was reported. A metabolic effect characteristic of cancer cells, aerobic 
glycolysis, also called “Warburg effect” (Warburg 1956) causes depletion of extracellular 
glucose and restricts glucose availability to T cells leading to suppression of glycolytic 
metabolism in T cells, resulting in decreased effector function11. In this context, it is 
reported that PD-L1 promotes glycolysis in tumors via Akt/mTOR activation, and that PD-
1 blockade can decrease glycolysis in tumors12. It is also well known that tumor cells 
create a challenging environment for the immune system characterized by hypoxia, low 
pH, high interstitial fluid pressure, and immune-inhibitory metabolites such as lactic 
acid13,14. The impaired perfusion capacity of tumor blood vessels by abnormal tumor 
vasculature create a highly hypoxic microenvironment, frequently resulting in immune 
suppression15. Recent studies have demonstrated that tumor hypoxia is negatively 
associated with the efficacy of immunotherapy and that the stimulation of immune cell 
functions with PD-1 and CTLA-4 blockade can also help to normalize tumor vessels16,17. 
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In this regard, it is potentially feasible to assess the treatment efficacy of immunotherapy 
by evaluating the metabolism and microenvironment of the tumors before a detectable 
reduction in the size of the tumor.  

A few studies have reported that 18F-FDG-PET/CT can potentially predict early 
response to PD-1 blockade or CTLA-4 blockade in patients with non-small cell lung 
cancer or melanoma18,19. However, several studies have also  demonstrated the inability 
of 18F-FDG-PET/CT to distinguish patients with pseudoprogression from those with 
progressive disease in melanoma patients20,21. Thus, to date, non-invasive imaging 
approaches to clarify the early response to effective immunotherapy in vivo have not been 
established. 

The purpose of this study is to investigate the capability of non-invasive metabolic 
and physiologic imaging to evaluate early response to immune checkpoint blockade 
therapy. New advancements in imaging using dynamic nuclear hyperpolarization (DNP) 
is used to enhance 13C signal intensity in vivo by approximately four orders of magnitude. 
By using 13C pyruvate as a  probe, it is possible to monitor the glycolytic profile of a tumor 
non-invasively, which has proven useful for monitoring the treatment response to several 
chemotherapeutics such as anti- angiogenic agent sunitinib and hypoxia-activated 
prodrug TH-30222,23. Similarly, the [1,4-13C2] fumarate probe is expected to detect necrotic 
tumor cell death in vivo24,25. 

To test the applicability of these new imaging techniques along with conventional 
dynamic contrast enhanced (DCE) MRI in detecting ICB treatment response, we imaged 
mice bearing murine colon adenocarcinoma carcinoma (MC38) tumor or melanoma 
(B16.F10) tumor as ICB sensitive and less ICB sensitive models, respectively. Using the 
combination therapy of PD-L1/PD-1 and CTLA-4 as a treatment model, which has 
improved therapeutic effect compared with either monotherapy26-28, multimodal metabolic 
and physiologic imaging showed substantial differences between the sensitive and less 
sensitive models, which may serve as a guide for further development of imaging 
biomarkers.  
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Results 

In vivo treatment effect of immune checkpoint inhibitors in murine tumor model. 

Anti-PD-L1 monocronal antibody (mAb) monotherapy or in combination with anti-
CTLA-4 mAb was used to evaluate the therapeutic effect immune checkpoint blockade in 
vivo. Mice were inoculated subcutaneously with either MC38 or B16.F10 cells (1 x 105) 
into the right leg and treated with either or both immune checkpoint inhibitors by i.p. 
injection every three days for a total of three injections.  

By itself, anti-PD-L1 Ab therapy inhibited tumor growth in MC38 colon 
adenocarcinoma tumors (Fig. 1a) and extended survival times (Fig. 1b, 1c) compared to 
the control group (median survival time 29.5 days compared to 24 days without treatment, 
p = 0.0003). Combining anti-PD-L1 with anti-CTLA-4 Ab treatment resulted in stronger 
inhibition of tumor growth and a statistically significant increase in survival time relative to 
anti-PD-L1 Ab alone (33.5 days to 29.5 days, p = 0.0475, Fig. 1b). Both anti-PD-L1 Ab by 
itself and the combination treatment anti-PD-L1 Ab + anti-CTLA-4 Ab also delayed tumor 
growth (Fig. 1d) and extended survival in B16.F10 tumors (median survival time 22 days 
for anti-PD-L1 Ab  and 24 for the combination treatment compared to 19.5 days without 
treatment, p = 0.0071, p = 0.0018, respectively, Fig. 1e, 1f). However, the cytoreductive 
effect of anti-PD-L1 Ab itself was less in B16.F10 than in MC38 tumors and the 
combination treatment with anti-CTLA-4 Ab did not significantly prolong survival time 
compared to anti-PD-L1 Ab alone (24 days compared to 22 days, p = 0.0752, Fig. 1e). 
These results are consistent with previous reports showing that MC38 is sensitive to ICB 
therapy, while B16.F10 is less sensitive 29. 

This difference in sensitivity to ICB therapy was not reflected in T-cell counts (Fig. 
2a). Intratumor levels of CD3+CD8+ T cells increased substantially in both tumor models 
after 4 days of anti-PD-L1 Ab + anti-CTLA-4 Ab combination treatment, suggesting 
effective infiltration of lymphocytes into the tumors. Combination treatment only raised 
levels of CD3+CD4+ and CD3+CD8+ T cells in tumor draining lymph nodes in MC38 
tumors, but the populations of both types of cells was already at a similar level in the 
absence of treatment in B16.F10. To more quantitatively measure total and activated T 
cells in situ, histological assessment was performed on MC38 tumor slices to confirm T 
cells proliferation. Immunofluorescence staining of CD3 and CD8 showed that infiltration 
of CD3+ T cells and CD8+ cytotoxic T cells significantly increased in anti-PD-L1 Ab and 
anti-CTLA-4 Ab treated tumor compared to isotype control Ab treated tumor (p < 0.0001, 
p < 0.0001), confirming an active immune response as early as day 4 after the 
combination ICB treatment in both tumor models (Fig. 2b, 2c). The CD8 to CD3 ratio was 
also similar between groups suggesting a similar level of activation between CD4 and 
CD8 T cells (Fig. 2c). Although T cell activation is a complex process subject to multiple 
points of regulation, the data suggest a simple measure of CD8+ and CD4+ T cell counts 
is not sufficient to predict ICB efficacy. 

Changes in tumor glycolytic metabolism induced by immune checkpoint blockade 
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Activation, proliferation, and differentiation of T cells all require the synthesis of 
numerous macromolecules. To generate synthetic intermediates to support these 
processes, naïve T cells often undergo metabolic reprogramming to enhance glycolytic 
flux. Decreases in glycolytic flux therefore could serve as a potential biomarker to predict 
ICB efficacy. To investigate whether glycolytic metabolism of tumor cells is altered directly 
by PD-L1 blockade, we measured the in vitro extracellular acidification rate (ECAR) of 
tumor cells by the Seahorse assay to determine the extent of lactic acid fermentation (Fig. 
3a). The ECAR of MC38 cells in vitro was not altered after treatment with anti-PD-L1 Ab, 
except for a slight and statistically insignificant increase in baseline acidification not 
attributable to glycolysis. In contrast, the ECAR of the less ICB sensitive B16.F10 cell line 
was significantly reduced after treatment with anti-PD-L1 Ab (Fig. 3b), suggesting that the 
glycolytic metabolism of B16.F10 is more dependent on the PD-L1/PD-1 pathway than 
that of MC38. To investigate whether expression of glycolytic enzymes and transporters 
are affected by PD-L1 blockade, PD-L1 inhibitor treated tumor cells were analyzed by 
western blotting and flow cytometry. No significant changes in the expression of glycolytic 
enzymes and transporters after treatment were detected in either cell line (Supplementary 
Fig. 1). 

To better understand the metabolic changes associated with ICB, we measured 
the flux through the lactate dehydrogenase pathway in vivo by hyperpolarized 13C MRI 
using [1-13C] pyruvate. Non-localized 1D spectra encompassing the entire tumor 
implanted leg were acquired continuously for 240 s after the injection of hyperpolarized 
[1-13C] pyruvate and the conversion of pyruvate to lactate was quantitatively evaluated 
(Fig. 3g). The lactate/pyruvate ratio is a direct measure of flux through the lactate 
dehydrogenase pathway and an indirect measure of glycolysis.  No difference in the 
median Lac/Pyr ratio was detected in the ICB sensitive MC38 tumors between the anti-
PD-L1 Ab + anti-CTLA-4 Ab treatment and isotype control Ab groups by the final time 
point (median Lac/Pyr ratio 0.8039 for the combination treatment compared to 0.8312 for 
the control, p = 0.2599) (Fig. 3c), although a cluster of large tumors with high Lac/Pyr 
ratios likely undergoing anaerobic fermentation is evident in the control group (Fig. 3d). 
No correlation of the Lac/Pyr ratio with the treatment group was found when controlled 
for tumor size to remove the effect (p = 0.3737, Supplementary Table 1a). Results from 
the ICB insensitive B16.F10 tumors are conspicuously different. The Lac/Pyr ratio was 
significantly lower in the in anti-PD-L1 Ab + anti-CTLA-4 Ab treatment group relative to 
the control group (median Lac/Pyr ratio 0.6178 for the combination treatment compared 
to 0.826 for the control, p = 0.0105, Fig.3e). Even when controlled for tumor size, the 
Lac/Pyr ratio remained negatively correlated with the treatment with statistical 
significance (p = 0.0246, Supplementary Table 1b and Fig. 3f). Taken together, these 
results suggest the relationship between PD-L1 blockade and glycolysis is not 
straightforward and is subject to the control of the tumor microenvironment. 

Necrotic change induced by immune checkpoint blockade 

Tumor cell necrosis is potentially a more direct biomarker for ICB efficacy. To 
evaluate necrotic cell death in tumors, hyperpolarized 13C MRI using [1,4-13C2] fumarate 
was performed on the same sets of tumors. Fumarate is not actively transported into the 
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cell and the plasma membrane is impermeable to fumarate when intact. A loss of 
membrane integrity during necrosis allows entry of fumarate and the conversion to malate 
by cytosolic fumarate hydratase, which can be detected as a doublet distinct from 
fumarate at 182-183 ppm (Fig. 4c). Fig. 4a shows the malate to fumarate (Mal/Fum) ratio 
of ICB sensitive MC38 tumor bearing mice sorted by treatment group. Mal/Fum ratios 
were significantly higher in anti-PD-L1 Ab + anti-CTLA-4 Ab treated MC38 tumors relative 
to the control gtoup (median Fum/Mal ratio 0.0796 for the combination treatment 
compared to 0.058 for the control, p = 0.0003, Fig. 4a) . The Mal/Fum ratio remained a 
significant variable even when tumor size was controlled for (p = 0.0037, Supplementary 
Table 2a and Fig. 4b), suggesting that tumor cell necrosis is induced as a treatment effect 
of ICB therapy in vivo. No statistically significant difference was found in the ICB 
insensitive B16.F10 tumors (median Fum/Mal ratio 0.0927 for the combination treatment 
compared to 0.0872 for the control, p = 0.4162, Fig. 4d). Multiple regression analysis 
confirmed that Mal/Fum ratio was not a significant predictor of the treatment group (p = 
0.4465, Supplementary Table 2b). No difference in serum fumarase activity was found 
between ICB treated MC38 mice and the control (p = 0.7233, Fig.4f), suggesting that 
serum fumarase activity cannot be a surrogate marker to monitor ICB efficacy. 

To confirm the necrotic change by histology, tumor sections were stained with 
hematoxylin and eosin according to standard procedures. In the ICB sensitive MC38 
tumors, infiltration of lymphocytes was confirmed by focal areas of hematoxylin negative 
spaces (dot-line area, Figure 4g). Nucleic enlargement in tumor cells (white arrow) 
indicating necrotic cell damage was also observed (Fig. 4g). The overall decrease in 
hematoxylin positive area, indicating the replacement with interstitial tissue after tumor 
cell death, was quantified using ImageJ software, and found to be significantly increased 
in anti-PD-L1 Ab + anti-CTLA-4 Ab treated tumor compared to the control (p = 0.0275, 
Fig. 4h). These histologic findings support the necrotic cell death as a consequence of 
antitumor effect of lymphocytes induced by ICB therapy. 

Changes in Intratumor blood perfusion induced by immune checkpoint inhibitors 

Tumor perfusion/permeability changes in response to ICB treatments were 
investigated by DCE-MRI using the Toft model. In the Toft model, permeability changes 
are characterized by the influx forward volume transfer constant (Ktrans) from plasma into 
the extravascular-extracellular space (EES), which reflects the sum of all processes 
(predominantly blood flow and capillary leakage) that determine the rate of gadolinium 
influx from plasma into the EES. We examined isotype control Ab treated and anti-PD-L1 
Ab + anti-CTLA-4 Ab treated tumor bearing mice after the 2nd Ab injection. Relative to the 
control, Gd-DTPA uptake was increased (Fig. 5a and 5b) and Ktrans was significantly 
higher in anti-PD-L1 Ab + anti-CTLA-4 Ab treated MC38 tumors (p < 0.0001, Fig. 5c). The 
separate effects of perfusion and permeability can be distinguished by the AUC of the 
calculated GD concentration at short (1 min) and long (10 min), respectively. Significant 
increases to both perfusion and permeability were observed (p < 0.0001 , p < 0.0001, Fig. 
5d). Changes in the ICB less sensitive B16.F10 tumors were substantially less. Perfusion 
(AUC 1 min) and Ktrans increased slightly, although the difference was not statistically 
significant in either case (p = 0.3607 and p = 0.3076, respectively  Fig. 5e and 5f). No 
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difference in permeability was detected (AUC 10 min, 5f).These findings suggest that ICB 
treatment improved blood flow in MC38 tumor, but not in B16.F10. 

To examine the changes in blood vessel density, IHC was performed with MC38 
tumor sections. Fig. 5g shows the staining of CD31, which is a marker of vascular 
endothelial cells, as well as the staining of H&E in same section. Compared to Isotype 
control Ab treated tumor, CD31 staining was increased in anti-PD-L1 Ab + anti-CTLA-4 
Ab treated tumor. CD31 positive area increased notably in hematoxylin less staining area 
where tumor cells are less (solid-line area), while CD31 positive area were poor in 
hematoxylin dense area where tumor cells are rich (dot-line area) in both control Ab and 
ICB treated tumor. Quantification of CD31 positive area showed significant increase in 
ICB treated tumor (p < 0.0001, Fig. 5h). These findings suggest improvement of vascular 
flow in MC38 tumor with ICB therapy, which supports the finding of increased tumor 
perfusion/permeability in DCE MRI. 
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Discussion 

In this study, we investigated the capability of non-invasive metabolic and 
physiologic imaging to evaluate the early response to ICB therapy in tumor bearing animal 
models. To our knowledge, this is the first report of metabolic imaging assessment to 
detect the early response to immune checkpoint blockade therapy using hyperpolarized 
13C MRI. 

Expression of PD-L1 on cancer cells promotes glucose uptake and production of 
lactate as part of the metabolic programming that enhances the survival of cells in hypoxic 
conditions and provides fuel for further growth. The exact mechanism by which this occurs 
is not fully understood. Previous reports have shown that blocking PD-L1 may directly 
dampen tumor glycolysis by inhibiting mTOR activity13. In MC38 and B16.F10 cell lines, 
PD-L1 blocking in vitro did not significantly alter expression of glycolytic enzymes and 
transporters (Supplementary Fig. 1). However, in vivo tumor metabolism when evaluated 
by 13C pyruvate MRI showed a significant decrease in glycolysis, but only in B16.F10 
tumors where the effect of ICB on tumor volumes and survival times was substantially 
less. The reasons for this discrepancy are not entirely clear. The in vivo tumor 
microenvironment consists tumor cells with substantial contributions from the tumor 
stroma and immune cells. The expression of PD-1 on T cells is reported to inhibit 
glycolysis or amino acid metabolism and up-regulate fatty acid oxidation leading to 
impaired energy generation, which compromises proliferation and effector functions30. 
CTLA-4 can also cause decreased expression of GLUT1, increased mitochondrial 
oxidation and fatty acid uptake, and decreased biosynthesis on T cells31,32. Therefore, 
inhibition of PD-1/PD-L1 and CTLA-4 would preferentially promote T-cell function. In our 
study, histological assessments showed increased T cell population surrounding tumor 
cells in tissue. ICB treatment might restore the metabolic balance in favor of T cells, 
leading to a less glycolytic profile when the tumor is considered as a whole. In our study, 
glycolytic flux in MC38 tumor was not affected by ICB, but B16.F10 was significantly 
altered, in line with previous reports that show higher glycolytic activity in B16.F10 
resulting in high acidification of the tumor microenvironment compared to MC3833. This 
suggested that B16.F10 is more dependent on glycolytic metabolism for energy 
production than MC38. Moreover, ECAR assays from previous reports13 and our data 
showed that anti-PD-L1 Ab treatment decreased ECAR more significantly in B16.F10 
than in MC38, suggesting glycolytic metabolism in B16.F10 is more susceptible to anti-
PD-L1 Ab. These findings suggested that the alteration of glycolytic metabolism was 
induced through interaction between tumor cells and tumor microenvironment including 
immune cells. In this respect, 13C pyruvate MRI may detect the effect of ICB therapy in 
selected cancers whose metabolism strongly relies on glycolysis.   

13C fumarate MRI showed significantly increased Mal/Fum in ICB treated tumors 
relative to control tumors, suggesting necrotic tumor cell damage was induced in 
response to ICB therapy. The utility of the malate production from hyperpolarized [1,4-
13C2] fumarate probe as a sensitive indicator of tumor cell death has been previously 
shown in several tumor types treated with a cytotoxic agent, anti-VEGF drug, or multi-
kinase inhibitor24,34,35. In contrast to chemotherapy which directly shows cytotoxicity on 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted May 2, 2020. ; https://doi.org/10.1101/2020.04.30.070508doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.30.070508


 

 

10 

tumor cells, the effect of ICB is induced via activation of immune system. Blockade of 
immune checkpoints such as PD-L1, PD-1, CTLA-4, whose signals help keep T cells from 
killing cancer cells, release the “brakes” on the immune system and enable T cells to 
activate and show cytotoxicity. There are two main mechanisms involved in cytotoxic T 
cells-mediated tumor cell death: one elicited by granule exocytosis (perforin and 
granzymes) and the other via the death ligand/death receptor system like Fas ligand 
(FasL) and TNF-related apoptosis inducing ligand (TRAIL). It has been assumed that the 
final consequence of granule exocytosis is the induction of cell death by apoptosis. 
However, recent experimental evidence indicating that perforin and granzymes of 
cytotoxic lymphocytes can activate non-apoptotic pathways of cell death36. Besides, 
recently, it has described that death receptor can induce “necroapoptosis”37. 
Necroapoptosis is a programmed form of necrosis, or inflammatory cell death, whereas 
necrosis is associated with unprogrammed cell death resulting from cellular damage. In 
necroapoptosis, rupture of the cell membrane and excretion of intracellular substrates 
occur as well as necrosis. Thus, we assume that mixed mechanisms of tumor cell death 
including a mechanism similar to necrosis allows 13C fumarate MRI to detect tumor cell 
death in response to ICB therapy in our study. Mal/Fum showed significant increase in 
the treated group of ICB sensitive MC38, and a much smaller change in the less ICB 
sensitive B16.F10 model. The results suggested that 13C fumarate MRI detects treatment 
effect of ICB therapy more accurately compared to 13C pyruvate MRI.  

Treatment effects were also detectable by measurements of intratumor 
perfusion/permeability, by DCE MRI. Previous studies have shown that abnormal tumor 
vasculature contributes to immune suppression through multiple mechanisms. One such 
mechanism is that hypoxia promoted  by impaired vessel perfusion not only induces the 
secretion of cytokines such as TGF , VEGF, IL-10 to increase the recruitment of 
immunosuppressive cells but also upregulates the expression of CTLA-4 or LAG3 on 
regulatory T cells and PD-L1 on myeloid-derived suppressor cells, tumor-associated 
macrophages and tumor cells15,38,39. Treatment with dual anti-CTLA-4 and anti-PD1 
therapy induced tumor vessel normalization through a dynamic process that involves 
various immune populations at different stages of tumor development15,17. Although the 
precise mechanism remains unknown, it is reported that type 1 helper T cells play a 
crucial role in vascular normalization by immune checkpoint blockade17. An increase in 
tumor vascularity during immune rejection was detected by DCE-MRI in a E.G7- OVA 
tumor-bearing mice model which undergoes spontaneous regression40. As for ICB 
therapy, there was one report showing that DCE-MRI revealed no alteration in relative 
blood distribution volume in anti-PD-L1 and anti-CTLA-4 AB treated CT26 tumor41. In the 
current study, Ktrans increased in treated MC38 and B16.F10 tumors relative to control 
tumors and the increase was parallel to the treatment effect. Thus, Ktrans can potentially 
reflect early treatment responses. IHC of CD31 suggested increased vascular vessels in 
ICB treated tumor. However, it should be mentioned that increased vascular vessels does 
not simply mean vascular normalization because majority of the reports especially related 
to anti-anigiogenesis agent show decreased CD31 staining by this therapy. In this respect, 
one previous report gives evidence of vascular normalization by ICB therapy as they 
showed that functional vessels covered by pericyte increased by dual blockade of PD-1 
and CTLA-417, while those decreased in above-referenced another report41. Thus, it is 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted May 2, 2020. ; https://doi.org/10.1101/2020.04.30.070508doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.30.070508


 

 

11 

still controversial and further investigation is needed for DCE-MRI to be used as imaging 
method to detect ICB therapy.     

In conclusion, we performed multi-modal imaging to detect the early response to 
immune checkpoint blockade therapy. DNP 13C MRI with [1,4-13C2] fumarate showed 
enhanced production of malate reflecting necrotic tumor cell death after the therapy. DCE-
MRI showed increased intratumor permeability in treated tumor. The magnitude of both 
measures paralled the effectiveness of ICB treatment considered on a per model basis. 
Collectively, these findings suggest that these imaging methods can provide predictive 
biomarkers for effect of immune checkpoint blockade and better understanding metabolic 
and physiologic profile of cancer. 
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Methods 

Mice and tumor 

The animal experiments were conducted according to a protocol approved by the 
Animal Research Advisory Committee of the NIH (RBB-159-3E) in accordance with the 
National Institutes of Health Guidelines for Animal Research. Female C57BL/6 (B6) mice 
were supplied by the Frederick Cancer Research Center, Animal Production (Frederick, 
MD) and housed in a specific pathogen-free environment and used at an age of 8-12 
week. MC38 colon adenocarcinoma and B16.F10 melanoma were used as sensitive or 
less sensitive models to immune checkpoint blockade therapy. MC38 was purchased 
from Kerafast (Boston, MA). B16.F10 was used from the frozen stock in our lab and tested 
in Feb 2020 and authentificated by IDEXX RADIL (Columbia, MO) using a panel of 
microsatellite markers. Molecular testing of cell lines for multiple pathogens, including 
mycoplasma, was performed at the time of receipt and prior to in vivo studies. Both cell 
lines were maintained in DMEM containing 4.5 g/L glucose supplemented with 10% fetal 
calf serum and antibiotics. 

In vivo checkpoint blockade treatment 

For the in vivo treatment model, 1 x 105 MC38 tumor cells or 2 x 105 B16.F10 tumor 
cells were inoculated s.c. into the right leg of B6 mice. Tumor bearing mice were injected 
i.p. with 200 μg of PD-L1 (10F.9G2) or αPD-1 (RMP1-14) or αCTLA-4 (9H10) antibody 
or with isotype control antibodies (all from BioXcell) on days 9, 12, and 15 post tumor 
inoculation at the size of approximately 100-150 mm3. Imaging experiments were 
performed after 1st to 3rd injection of antibodies. 

In vitro treatment 

For in vitro treatment assay, tumor cells were cultured with 100 U/ml of 
recombinant murine IFN-  for 48h followed by 10 μg/ml PD-L1 antibody treatment for 
an additional 24h before assay. 

Flow cytometry 

To generate activated tumor-draining lymph node (TDLN) cells, B6 mice were 
inoculated s.d. with 1 x 105 MC38 tumor cells on both flanks to stimulate TDLNs. 13 days 
later, TDLNs (inguinal) were harvested, and single-cell suspensions were prepared 
mechanically. To analyze tumor infiltrating lymphocytes, single-cell suspensions were 
prepared from solid tumors by digestion with a mixture of 0.1 % collagenase, 0.01 % 
DNase, and 2.5 U/ml hyaluronidase for 3 h at 37 deg C. FITC-conjugated mAbs against 
CD4 (RM4-5); PE-conjugated mAbs against CD3; Cy-chrome-conjugated mAbs against 
CD8 (53-6.7); isotype-matched mAbs were purchased from BD Biosciences. The cell 
surface phenotypes were determined by direct immunofluorescence staining with 
conjugated mAbs and analyzed using FACS Calibur (BD Biosciences, San Jose, CA). 
Digested cells were stained with αCD3, αCD8, and αCD4 antibody. Data were collected 
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on FACS Calibur flow cytometer. Tumor infiltrating lymphocytes were identified and gated 
on forward scatter vs side scatter plot. 

Western blot 

In vitro treated tumor cells on the dish were lysed in radioimmunoprecipitation 
assay buffer (RIPA buffer, Thermo Scientific) supplemented with protease and 
phosphatase inhibitors (Roche). Protein concentrations were measured by bicinchoninic 
acid assay (BCA protein assay, Thermo Fisher Scientific). Glut-1, Hexokinase-2, lactate 
dehydrogenase A (LDHA), monocarboxylate transporter 1 (MCT1), MCT4 proteins were 
separated on 4 % to 20 % Tris-Glycine gel (Life Technologies) by SDS-PAGE and were 
transferred to nitrocellulose membrane. The membranes were blocked for 1 h in blocking 
buffer (3 % nonfat dry milk in 0.1 % Tween 20/TBS), which was then replaced by the 
primary antibody (1:500-1:1000), diluted in blocking buffer, and then incubated for 1 h at 
room temperature. The membranes were then washed three times in washing buffer 
(0.1 % Tween 20/TBS). The primary antibody was detected using the appropriate 
horseradish peroxidase conjugated secondary antibody and measured by the Fluor Chem 
HD2 chemiluminescent imaging system (Alpha Innotech Corp.). Density values for each 
protein were normalized to actin or HSC70. 

Seahorse metabolism assay 

Extracellular acidification rate (ECAR) was analyzed on a XF96 Extracellular Flux 
Analyzer using XF Glycolysis Stress Test Kit (Agilent Technology, Santa Clara, CA) in 
accordance with the manufacturer's instructions. Briefly, first, in vitro treated cells plated 
on 96 well plate were incubated in XF base medium without glucose or pyruvate. Glucose 
was injected and the ECAR is measured as the rate of glycolysis under basal conditions. 
Then, oligomycin, an ATP synthase inhibitor was injected and ECAR was monitored 
(maximum glycolytic capacity). Finally, 2-deoxy-glucose (2-DG), a glucose analog, that 
inhibits glycolysis through competitive binding to glucose hexokinase, was injected to 
confirm that the ECAR produced in the experiment was due to glycolysis. 

Histological assessment 

Tumor tissues were excised, frozen with Tissue-Tek O.C.T. compound (Sakura Finetek 
USA Inc.) by ultra-cold ethanol and sectioned (10 mm) using a cryostat, with the sections 
being thaw-mounted on glass slides. After fixing with 4 % paraformaldehyde, sections 
were treated with cold acetone for 15 minutes. After blocking nonspecific-binding sites on 
sections with Protein Block Serum-Free reagent (Dako North America Inc.) for 30 minutes, 
the slides were covered by CD3 antibody (BD Biosciences; 1:250) combined with CD8 
antibody (Abcam, Inc.; 1:250) overnight at 4 C. The sections were then incubated with 
Alexa Fluor 488 antimouse and the Alexa Fluor 546 F(ab')2 fragment of goat antirabbit 
IgG (HþL) (Invitrogen; 1:2,000) for 1 h at room temperature, before being mounted with 
Prolong Gold antifade reagent with DAPI (Invitrogen). CD31 was stained with same 
procedure using CD31 antibody (BD Biosciences; 1:250) and Alexa Fluor 488 antirat 
(Invitrogen; 1:250). The sections were also stained with hematoxylin and eosin and 
mounted on permount for histological observation. The stained slides were scanned using 
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a BZ-9000 microscope (Keyence), and the immunostain-positive area was quantified 
using ImageJ software (downloaded from https://ima gej.nih.gov/ij/). 

Hyperpolarized 13C MRI 

Details of the hyperpolarization procedure were reported previously22,23. Briefly, [1-
13C] pyruvic acid (30 μL) or [1,4-13C2] fumaric acid (2.5 M in 30 μL deuterated DMSO), 
containing 15 mmol/L Ox063 and 2.5 mmol/L of the gadolinium chelate ProHance 
(BraccoDiagnostics) was polarized in Hypersense DNP polarizer (Oxford Instruments). 
After the polarization reached 80 % of the plateau value, the hyperpolarized sample was 
rapidly dissolved in 4.5 mL of a superheated alkaline buffer consisted of 40 mmol/L 
HEPES, NaOH, and 100 mg/L EDTA. Hyperpolarized [1-13C] pyruvate or [1,4-13C2] 
fumarate solution was rapidly injected intravenously through a catheter placed in the tail 
vein of each mouse (12 mL/g body weight). Hyperpolarized 13C MRI studies were 
performed on a 3 T dedicated MR Solutions animal scanner (MR SOLUTIONS Ltd., 
Boston, MA) using a 17 mm home-built 13C solenoid coil placed inside of a saddle coil 
tuned to 1H frequency. Both 1H and 13C were tuned and matched and anatomical image 
was taken after shimming on proton. 13C spectra was acquired every 1 s for 240 s from 
the whole leg including each tumor. The repetition time, spectral width, flip angle, and 
number of average were 1000 ms, 3300 Hz, 10°, and 1, respectively. 

Fumarase activity assay 

A serum sample was obtained from isotype control antibody treated mice and from 
αPD-L1 and αCTLA-4 antibodies treated mice one day after 2nd injection. Fumarase 
activity was measured with Fumarase Assay Kit (BioAssay Systems, Hayward, CA) in 
accordance with the manufacturer's instruction manual. 

DCE-MRI of Gd-DTPA 

DCE-MRI studies were performed on a 1 T scanner (Bruker BioSpin MRI GmbH). 
T1-weighted fast low-angle shot (FLASH) images were obtained with TR = 156 ms; TE = 
4 ms; flip angle = 45˚; four slices; 0.44 x 0.44 mm resolution; 15-second acquisition time 
per image; and 45 repetitions. Gd-DTPA solution (4 mL/g of body weight of 50 mmol/L 
Gd-DTPA) was injected through a tail vein cannula 1 minutes after the start of the dynamic 
FLASH sequence. To determine the local concentrations of Gd-DTPA, T1 maps were 
calculated from three sets of Rapid Imaging with Refocused Echoes (RARE) images 
obtained with TR = 300, 600, 1000, and 2,000 ms, with the acquisitions being made 
before running the FLASH sequence. 

Statistical analysis 

The significance of the differences between groups was analyzed using the 
Wilcoxon rank sum test or the Student t test. Kaplan-Meier curves were constructed for 
the survival of mice; the differences between groups were identified using the log-rank 
test. A two-tailed p value, 0.05 was considered significant. All experiments were repeated 
at least twice. 
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Figure 1. Tumor growth and survival of immune checkpoint blockade therapy in 
two murine tumor models with different sensitivity.  

a and d, Growth kinetics of each tumor. MC38 or B16.F10 inoculated mice were treated 
with either Isotype control Ab, anti-PD-L1 Ab, or combination anti-PD-L1 Ab + anti-CTLA-
4 Ab on days 9, 12, and 15 post tumor inoculation (n = 5 per group). Data are shown as 
mean ± SE at each time point. b and e, Kaplan-Meier survival curve for each tumor 
(MC38; n = 10 per group, B16.F10; n =7-10 per group). Survival refers to the time before 
reaching the maximally allowed tumor volume of 2,000 mm3. The differences between 
groups in the Kaplan-Meier curve are identified using the log-rank test (b, *p = 0.0003, 
**p = 0.0475, ***p < 0.0001 d, *p = 0.0071, **p = 0.0018). c and f, Bar plot of survival from 
figure B and E. Data are shown as mean ± SE (c, *p = 0.0427, **p = 0.0007, f, *p = 0.0140, 
**p = 0.0002).  
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Figure 2. In vivo treatment effect of immune checkpoint blockade therapy.  

a, Flow cytometry analysis of tumor infiltrating lymphocytes and tumor draining lymph 
node cells. Tumor bearing mice were treated with each Ab on day 9 and 12. Tumors and 
lymph nodes were harvested on day 13. The figure on each plot shows the percentage 
of CD3+CD4+ T cells or CD3+CD8+ T cells. b and c, Immunofluorescence staining of 
CD3 and CD8 in MC38 tumor (scale bar = 100 µm). MC38 tumor bearing mice were 
treated with each Ab on day 9 and 12. Tumors were harvested on day 13. Number of 
cells were manually counted in randomly selected 5 fields per tumor section (n = 4 per 
group). Data are shown as mean ± SE. 
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Figure 3. Metabolic shift induced by immune checkpoint blockade can be detected 
in selected cancer whose metabolism relies on glycolysis.  
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a, Extracellular acidification rate (ECAR) of MC38 and B16.F10 cells in vitro. Tumor cells 
pre-treated with IFN-  for 48 h followed by anti-PD-L1 Ab or isotype control Ab for 24 h 
were measured (n = 5 per group). For each time point, mean ± SD is plotted. b, 
Parameters (non-glycolytic acidification, glycolysis, and glycolytic capacity) calculated 
from ECAR kinetics. Data are shown as mean ± SD. c-g, MRI of hyperpolarized 13C 
pyruvate metabolism in two murine tumor models. Tumor bearing mice treated with 
isotype control Ab or anti-PD-L1 Ab + anti-CTLA-4 Ab were scanned after treatment 
(MC38; n = 26, n = 20 each group, B16.F10; n = 14, n = 11 each group). c, Lactate to 
Pyruvate (Lac/Pyr) ratio of MC38 sorted by treatment. Data are shown as box-and-
whisker plot (median, maximum, minimum, first quartile, and third quartile); individual 
values are shown. d, Correlation between Lac/Pyr ratio and tumor size. e, Lac/Pyr ratio 
of B16.F10 sorted by treatment. Data are shown as box-and-whisker plot and individual 
values. f, Correlation between Lac/Pyr ratio of B16.F10 and tumor size. g, Representative 
dynamic 13C spectra of B16.F10 tumor and T2-weighted 1H anatomical image. 
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Figure 4. Tumor cell death can be detected by 13C fumarate MRI as treatment effect 
of immune checkpoint blockade.  

a-e, MRI of hyperpolarized 13C fumarate metabolism in two murine tumor models. Tumor 
bearing mice treated with isotype control Ab or anti-PD-L1 Ab + anti-CTLA-4 Ab were 
scanned after treatment (MC38; n = 23, n = 17 each group, B16.F10; n = 10 per group). 
a, The Malate to Fumarate (Mal/Fum) ratio of MC38 sorted by treatment. Data are shown 
as box-and-whisker plot (median, maximum, minimum, first quartile, and third quartile); 
individual values are shown. b, Correlation between Mal/Fum ratio and tumor size. c, 
Representative dynamic 13C spectra of MC38 tumor and T2-weighted 1H anatomical 
image. Signal of Malate is quintupled in the right plot. d, Mal/Fum ratio of B16.F10 sorted 
by treatment. Data are shown as box-and-whisker plot and individual values. e, 
Correlation between Mal/Fum ratio of B16.F10 and tumor size. f, Fumarase activity assay 
of mice serum. MC38 tumor bearing mice were treated with isotype control Ab or anti-PD-
L1 Ab + anti-CTLA-4 Ab on day 9 and 12. Blood were collected on day 13. Data are 
shown as mean ± SE (n = 5, n = 7 each group). g, Representative hematoxylin and eosin 
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staining (HE) of MC38 tumor (scale bar = 100 µm). MC38 tumor bearing mice were 
treated with each Ab on day 9 and 12. Tumors were harvested on day 13. h, 
Quantification of less hematoxylin stained area. Data are shown as mean ± SE (n = 4 per 
group).  
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Figure 5. Tumor perfusion and permeability are improved by immune checkpoint 
blockade.  

a-f, Dynamic contrast enhanced MRI in two murine tumor model. Tumor bearing mice 
treated with isotype control Ab or anti-PD-L1 Ab + anti-CTLA-4 Ab were scanned after 
treatment (MC38; n = 8, n = 5 each group, B16.F10; n = 9, n = 11 each group).  a, 
Representative time-intensity kinetic curve of Gd-DTPA in MC38 tumor. b, Gd-DTPA 
intensity with T2-weighted anatomical image of MC38 tumors. c, Ktrans value of MC38 
tumor sorted by treatment group. Data are shown as a box-and-whisker plot (median, 
maximum, minimum, first quartile, and third quartile); individual values are shown. d, Area 
under curve (AUC) 1 min and AUC 10 min of Gd-DTPA concentration in MC38. Data are 
shown as box-and-whisker plot and individual values. e, Ktrans value of B16.F10 tumor 
sorted by treatment group. Data are shown as box-and-whisker plot and individual values. 
f, AUC 1 min and AUC 10 min of Gd-DTPA concentration in B16.F10. Data are shown as 
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box-and-whisker plot and individual values. g and h, Immunofluorescence staining of 
CD31 in MC38 tumor. MC38 tumor bearing mice were treated with each Ab on day 9 and 
12. Tumors were harvested on day 13 (n = 4 per group). g, Representative HE and CD31 
staining of same section in MC38 tumor (scale bar = 500 µm). h, Quantification of CD31 
positive area. Data are shown as mean ± SE (n = 4 per group). 
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