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T cells (CD4), regulatory T cells (Treg), natural killer cells (NK),
macrophages (M1Φ and M2Φ), as well as polymorphonuclear
myeloid-derived suppressor cells, and monocytic myeloid-derived
suppressor cells30 (Fig. 2d). Notably, although the ratios of
immune infiltration were similar, 4MOSC2 tumors had a
considerably higher level of infiltration than 4MOSC1 (Fig. 2d).
Though cytotoxic CD8 T cells infiltrate both tumors at similar
proportions relative to other immune cells, immunofluorescence
staining showed more abundant distribution within 4MOSC2
tumor cells (Fig. 2e). The more immune inflamed state of
4MOSC2 tumors is likely due to their clearly distinct chemokine
and cytokine profile. Indeed, 4MOSC2 tumors express higher
levels of multiple chemokines (including CXCL1 and CXCL5)

and growth factors (such as G-CSF, GM-CSF) than in 4MOSC1
tumors, which may contribute to the recruitment and survival of
MDSCs and inflammatory cells, as well as VEGF that may explain
the higher density of lymphatic vessels (Supplementary Fig. 3).

To determine whether this immune infiltration is associated
with antigen-driven immunogenicity, we next investigated
whether the 4MOSC tumors could generate memory immune
responses. Initial exposure of mice to tumor cell antigens was
achieved by first irradiating tumor cells and then injecting into
the tongue of C57Bl/6 mice with or without polyinosinic-
polycytidylic acid (poly IC) as an immune adjuvant. Irradiated
4MOSC1 and 4MOSC2 cells did not form tumors, and mice
vaccinated with irradiated tumor cells alone or irradiated tumor
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Fig. 2 Characterization of 4NQO-induced murine oral squamous cell model. a Left panel, C57Bl/6 mice were implanted with 1 × 106 of either 4MOSC1 or
4MOSC2 cells into the tongue. Tongue lesions when the tumor volume reached ~100mm3. Middle panel, representative H&E staining of histological tissue
sections from mouse tongues with 4MOSC1 or 4MOSC2 tumors. Right, representative pictures of tumors stained to show expression of cytokeratin 5
(CK5, green) and DAPI (blue) (n= 3 mice per group). b Top panel, representative H&E stain of a nonmetastatic cervical lymph node from mice with
4MOSC1 tumors. Bottom panel, representative H&E stain of a metastatic cervical lymph node from mice with 4MOSC2 tumors. Metastatic growth of
4MOSC2 cells into the lymph node is depicted with a dotted line in the bottom area (n= 5 mice per group). c Representative tumor tissue sections stained
for LYVE-1 by immunohistochemistry in 4MOSC1 or 4MOSC2 tumors (n= 3 mice per group). d Absolute number of immune cells infiltrating 4MOSC1 or
4MOSC2 tumors. Shown is the average number of live cells infiltrating per mm3 of tumor (n= 3 mice per group). e Immunofluorescent staining of CK5 and
CD8 to show squamous cell character of the lesion and CD8 infiltration in mice with 4MOSC1 or 4MOSC2 tumors, respectively (n= 3 mice per group)
(CK5, green; CD8, red; DAPI, blue). 4MOSC1 or 4MOSC2 tumors were isolated from mice and mechanically and enzymatically digested. Single-cell
suspension was then stained with CD45, Nk1.1, CD3, CD8, CD44, PD-L1, PD-1, CTLA-4, LAG-3, and TIM-3 fluorescent labeled antibodies and analyzed by
flow cytometry. Shown are representative flow cytometry plots of f the frequency of tumor cells (CD45 negative) expressing PD-L1 and g the frequency of
CD8+/CD44+ cells expressing inhibitory receptors PD-1, CTLA-4, LAG-3, and TIM-3 in individual tumors (n= 4 mice per group). Contour plots of
lymphocytes from tumor (green), and corresponding cervical lymph nodes (blue), and blood (red) are overlaid and the frequencies of tumor CD8+/CD44
+ T cells expressing each inhibitory receptor are shown (n= 4 mice per group).
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Fig. 2 Characterization of 4NQO-induced murine oral squamous cell model. a Left panel, C57Bl/6 mice were implanted with 1 × 106 of either 4MOSC1 or
4MOSC2 cells into the tongue. Tongue lesions when the tumor volume reached ~100mm3. Middle panel, representative H&E staining of histological tissue
sections from mouse tongues with 4MOSC1 or 4MOSC2 tumors. Right, representative pictures of tumors stained to show expression of cytokeratin 5
(CK5, green) and DAPI (blue) (n= 3 mice per group). b Top panel, representative H&E stain of a nonmetastatic cervical lymph node from mice with
4MOSC1 tumors. Bottom panel, representative H&E stain of a metastatic cervical lymph node from mice with 4MOSC2 tumors. Metastatic growth of
4MOSC2 cells into the lymph node is depicted with a dotted line in the bottom area (n= 5 mice per group). c Representative tumor tissue sections stained
for LYVE-1 by immunohistochemistry in 4MOSC1 or 4MOSC2 tumors (n= 3 mice per group). d Absolute number of immune cells infiltrating 4MOSC1 or
4MOSC2 tumors. Shown is the average number of live cells infiltrating per mm3 of tumor (n= 3 mice per group). e Immunofluorescent staining of CK5 and
CD8 to show squamous cell character of the lesion and CD8 infiltration in mice with 4MOSC1 or 4MOSC2 tumors, respectively (n= 3 mice per group)
(CK5, green; CD8, red; DAPI, blue). 4MOSC1 or 4MOSC2 tumors were isolated from mice and mechanically and enzymatically digested. Single-cell
suspension was then stained with CD45, Nk1.1, CD3, CD8, CD44, PD-L1, PD-1, CTLA-4, LAG-3, and TIM-3 fluorescent labeled antibodies and analyzed by
flow cytometry. Shown are representative flow cytometry plots of f the frequency of tumor cells (CD45 negative) expressing PD-L1 and g the frequency of
CD8+/CD44+ cells expressing inhibitory receptors PD-1, CTLA-4, LAG-3, and TIM-3 in individual tumors (n= 4 mice per group). Contour plots of
lymphocytes from tumor (green), and corresponding cervical lymph nodes (blue), and blood (red) are overlaid and the frequencies of tumor CD8+/CD44
+ T cells expressing each inhibitory receptor are shown (n= 4 mice per group).
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Fig. 2 Characterization of 4NQO-induced murine oral squamous cell model. a Left panel, C57Bl/6 mice were implanted with 1 × 106 of either 4MOSC1 or
4MOSC2 cells into the tongue. Tongue lesions when the tumor volume reached ~100mm3. Middle panel, representative H&E staining of histological tissue
sections from mouse tongues with 4MOSC1 or 4MOSC2 tumors. Right, representative pictures of tumors stained to show expression of cytokeratin 5
(CK5, green) and DAPI (blue) (n= 3 mice per group). b Top panel, representative H&E stain of a nonmetastatic cervical lymph node from mice with
4MOSC1 tumors. Bottom panel, representative H&E stain of a metastatic cervical lymph node from mice with 4MOSC2 tumors. Metastatic growth of
4MOSC2 cells into the lymph node is depicted with a dotted line in the bottom area (n= 5 mice per group). c Representative tumor tissue sections stained
for LYVE-1 by immunohistochemistry in 4MOSC1 or 4MOSC2 tumors (n= 3 mice per group). d Absolute number of immune cells infiltrating 4MOSC1 or
4MOSC2 tumors. Shown is the average number of live cells infiltrating per mm3 of tumor (n= 3 mice per group). e Immunofluorescent staining of CK5 and
CD8 to show squamous cell character of the lesion and CD8 infiltration in mice with 4MOSC1 or 4MOSC2 tumors, respectively (n= 3 mice per group)
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flow cytometry. Shown are representative flow cytometry plots of f the frequency of tumor cells (CD45 negative) expressing PD-L1 and g the frequency of
CD8+/CD44+ cells expressing inhibitory receptors PD-1, CTLA-4, LAG-3, and TIM-3 in individual tumors (n= 4 mice per group). Contour plots of
lymphocytes from tumor (green), and corresponding cervical lymph nodes (blue), and blood (red) are overlaid and the frequencies of tumor CD8+/CD44
+ T cells expressing each inhibitory receptor are shown (n= 4 mice per group).
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Background: Monitoring Response to Immunotherapy in HNSCC

i. Elimination - Immediate tumor rejection
ii. Equilibrium - Grossly Stable Disease Burden
iii. Pseudoprogression - Initial, Paradoxical Increase in Disease Burden Followed by

Regression
iv. Escape - Rapid Progression Secondary to Selection Against Immunogenic Tumor

Clones with Promotion of Non-Immunogenic Clones

Assessment of treatment response by standard RECIST or ‘immune-sensitive’
RECIST (iRECIST) criteria is confounded by the complex tumor-immune dynamics
driven by ICI therapy. Unlike traditional cytotoxic therapies, which stereotypically
reduce the size of sensitive tumors, ICIs can provoke a variety of responses:

Clinical 
Relevance

There is an urgent need for reliable, non-invasive metrics of tumor response 
to ICI that do not depend on serial measurement of overall tumor burden.

Preclinical Model to Identify Novel Imaging Biomarkers of Treatment Response: 
4MOSC (4NQO-murine oral squamous carcinoma) Model

T cells (CD4), regulatory T cells (Treg), natural killer cells (NK),
macrophages (M1Φ and M2Φ), as well as polymorphonuclear
myeloid-derived suppressor cells, and monocytic myeloid-derived
suppressor cells30 (Fig. 2d). Notably, although the ratios of
immune infiltration were similar, 4MOSC2 tumors had a
considerably higher level of infiltration than 4MOSC1 (Fig. 2d).
Though cytotoxic CD8 T cells infiltrate both tumors at similar
proportions relative to other immune cells, immunofluorescence
staining showed more abundant distribution within 4MOSC2
tumor cells (Fig. 2e). The more immune inflamed state of
4MOSC2 tumors is likely due to their clearly distinct chemokine
and cytokine profile. Indeed, 4MOSC2 tumors express higher
levels of multiple chemokines (including CXCL1 and CXCL5)

and growth factors (such as G-CSF, GM-CSF) than in 4MOSC1
tumors, which may contribute to the recruitment and survival of
MDSCs and inflammatory cells, as well as VEGF that may explain
the higher density of lymphatic vessels (Supplementary Fig. 3).

To determine whether this immune infiltration is associated
with antigen-driven immunogenicity, we next investigated
whether the 4MOSC tumors could generate memory immune
responses. Initial exposure of mice to tumor cell antigens was
achieved by first irradiating tumor cells and then injecting into
the tongue of C57Bl/6 mice with or without polyinosinic-
polycytidylic acid (poly IC) as an immune adjuvant. Irradiated
4MOSC1 and 4MOSC2 cells did not form tumors, and mice
vaccinated with irradiated tumor cells alone or irradiated tumor
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4MOSC2 cells into the tongue. Tongue lesions when the tumor volume reached ~100mm3. Middle panel, representative H&E staining of histological tissue
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4MOSC2 cells into the lymph node is depicted with a dotted line in the bottom area (n= 5 mice per group). c Representative tumor tissue sections stained
for LYVE-1 by immunohistochemistry in 4MOSC1 or 4MOSC2 tumors (n= 3 mice per group). d Absolute number of immune cells infiltrating 4MOSC1 or
4MOSC2 tumors. Shown is the average number of live cells infiltrating per mm3 of tumor (n= 3 mice per group). e Immunofluorescent staining of CK5 and
CD8 to show squamous cell character of the lesion and CD8 infiltration in mice with 4MOSC1 or 4MOSC2 tumors, respectively (n= 3 mice per group)
(CK5, green; CD8, red; DAPI, blue). 4MOSC1 or 4MOSC2 tumors were isolated from mice and mechanically and enzymatically digested. Single-cell
suspension was then stained with CD45, Nk1.1, CD3, CD8, CD44, PD-L1, PD-1, CTLA-4, LAG-3, and TIM-3 fluorescent labeled antibodies and analyzed by
flow cytometry. Shown are representative flow cytometry plots of f the frequency of tumor cells (CD45 negative) expressing PD-L1 and g the frequency of
CD8+/CD44+ cells expressing inhibitory receptors PD-1, CTLA-4, LAG-3, and TIM-3 in individual tumors (n= 4 mice per group). Contour plots of
lymphocytes from tumor (green), and corresponding cervical lymph nodes (blue), and blood (red) are overlaid and the frequencies of tumor CD8+/CD44
+ T cells expressing each inhibitory receptor are shown (n= 4 mice per group).
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Fig. 2 Characterization of 4NQO-induced murine oral squamous cell model. a Left panel, C57Bl/6 mice were implanted with 1 × 106 of either 4MOSC1 or
4MOSC2 cells into the tongue. Tongue lesions when the tumor volume reached ~100mm3. Middle panel, representative H&E staining of histological tissue
sections from mouse tongues with 4MOSC1 or 4MOSC2 tumors. Right, representative pictures of tumors stained to show expression of cytokeratin 5
(CK5, green) and DAPI (blue) (n= 3 mice per group). b Top panel, representative H&E stain of a nonmetastatic cervical lymph node from mice with
4MOSC1 tumors. Bottom panel, representative H&E stain of a metastatic cervical lymph node from mice with 4MOSC2 tumors. Metastatic growth of
4MOSC2 cells into the lymph node is depicted with a dotted line in the bottom area (n= 5 mice per group). c Representative tumor tissue sections stained
for LYVE-1 by immunohistochemistry in 4MOSC1 or 4MOSC2 tumors (n= 3 mice per group). d Absolute number of immune cells infiltrating 4MOSC1 or
4MOSC2 tumors. Shown is the average number of live cells infiltrating per mm3 of tumor (n= 3 mice per group). e Immunofluorescent staining of CK5 and
CD8 to show squamous cell character of the lesion and CD8 infiltration in mice with 4MOSC1 or 4MOSC2 tumors, respectively (n= 3 mice per group)
(CK5, green; CD8, red; DAPI, blue). 4MOSC1 or 4MOSC2 tumors were isolated from mice and mechanically and enzymatically digested. Single-cell
suspension was then stained with CD45, Nk1.1, CD3, CD8, CD44, PD-L1, PD-1, CTLA-4, LAG-3, and TIM-3 fluorescent labeled antibodies and analyzed by
flow cytometry. Shown are representative flow cytometry plots of f the frequency of tumor cells (CD45 negative) expressing PD-L1 and g the frequency of
CD8+/CD44+ cells expressing inhibitory receptors PD-1, CTLA-4, LAG-3, and TIM-3 in individual tumors (n= 4 mice per group). Contour plots of
lymphocytes from tumor (green), and corresponding cervical lymph nodes (blue), and blood (red) are overlaid and the frequencies of tumor CD8+/CD44
+ T cells expressing each inhibitory receptor are shown (n= 4 mice per group).
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Fig. 2 Characterization of 4NQO-induced murine oral squamous cell model. a Left panel, C57Bl/6 mice were implanted with 1 × 106 of either 4MOSC1 or
4MOSC2 cells into the tongue. Tongue lesions when the tumor volume reached ~100mm3. Middle panel, representative H&E staining of histological tissue
sections from mouse tongues with 4MOSC1 or 4MOSC2 tumors. Right, representative pictures of tumors stained to show expression of cytokeratin 5
(CK5, green) and DAPI (blue) (n= 3 mice per group). b Top panel, representative H&E stain of a nonmetastatic cervical lymph node from mice with
4MOSC1 tumors. Bottom panel, representative H&E stain of a metastatic cervical lymph node from mice with 4MOSC2 tumors. Metastatic growth of
4MOSC2 cells into the lymph node is depicted with a dotted line in the bottom area (n= 5 mice per group). c Representative tumor tissue sections stained
for LYVE-1 by immunohistochemistry in 4MOSC1 or 4MOSC2 tumors (n= 3 mice per group). d Absolute number of immune cells infiltrating 4MOSC1 or
4MOSC2 tumors. Shown is the average number of live cells infiltrating per mm3 of tumor (n= 3 mice per group). e Immunofluorescent staining of CK5 and
CD8 to show squamous cell character of the lesion and CD8 infiltration in mice with 4MOSC1 or 4MOSC2 tumors, respectively (n= 3 mice per group)
(CK5, green; CD8, red; DAPI, blue). 4MOSC1 or 4MOSC2 tumors were isolated from mice and mechanically and enzymatically digested. Single-cell
suspension was then stained with CD45, Nk1.1, CD3, CD8, CD44, PD-L1, PD-1, CTLA-4, LAG-3, and TIM-3 fluorescent labeled antibodies and analyzed by
flow cytometry. Shown are representative flow cytometry plots of f the frequency of tumor cells (CD45 negative) expressing PD-L1 and g the frequency of
CD8+/CD44+ cells expressing inhibitory receptors PD-1, CTLA-4, LAG-3, and TIM-3 in individual tumors (n= 4 mice per group). Contour plots of
lymphocytes from tumor (green), and corresponding cervical lymph nodes (blue), and blood (red) are overlaid and the frequencies of tumor CD8+/CD44
+ T cells expressing each inhibitory receptor are shown (n= 4 mice per group).
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Mischaracterizing tumor response to ICI confounds management:
• Early discontinuation of therapy in responders
• Delayed reassignment in non-responders

DW-MRI - related to the motion
of water molecules within
tissues - is sensitive to cellular
composition and structural
architecture.
• MRS3000, 3T small animal

magnet
• 64 shot SE-EPI, 128x64
• Slice: 1mm

DW-MRI can serve as a non-invasive method to 
monitor tumor response to ICI.

T cells (CD4), regulatory T cells (Treg), natural killer cells (NK),
macrophages (M1Φ and M2Φ), as well as polymorphonuclear
myeloid-derived suppressor cells, and monocytic myeloid-derived
suppressor cells30 (Fig. 2d). Notably, although the ratios of
immune infiltration were similar, 4MOSC2 tumors had a
considerably higher level of infiltration than 4MOSC1 (Fig. 2d).
Though cytotoxic CD8 T cells infiltrate both tumors at similar
proportions relative to other immune cells, immunofluorescence
staining showed more abundant distribution within 4MOSC2
tumor cells (Fig. 2e). The more immune inflamed state of
4MOSC2 tumors is likely due to their clearly distinct chemokine
and cytokine profile. Indeed, 4MOSC2 tumors express higher
levels of multiple chemokines (including CXCL1 and CXCL5)

and growth factors (such as G-CSF, GM-CSF) than in 4MOSC1
tumors, which may contribute to the recruitment and survival of
MDSCs and inflammatory cells, as well as VEGF that may explain
the higher density of lymphatic vessels (Supplementary Fig. 3).

To determine whether this immune infiltration is associated
with antigen-driven immunogenicity, we next investigated
whether the 4MOSC tumors could generate memory immune
responses. Initial exposure of mice to tumor cell antigens was
achieved by first irradiating tumor cells and then injecting into
the tongue of C57Bl/6 mice with or without polyinosinic-
polycytidylic acid (poly IC) as an immune adjuvant. Irradiated
4MOSC1 and 4MOSC2 cells did not form tumors, and mice
vaccinated with irradiated tumor cells alone or irradiated tumor
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Conclusions and Future Directions
• Novel Application of DW-MRI as a Surrogate for Intratumoral Lymphocyte

Infiltration
• Development of a Non-invasive Functional Imaging Biomarker to Predict Tumor

Response to ICI

Future Directions:
• Apply the DW-MRI Functional Imaging Biomarker to Predict the Heterogenous

Tumor Response to aPD-1 in the 4MOSC1 Murine HNSCC Model
• Examine DW-MRI against Gold-Standard Biomarkers to Predict ICI-Response
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