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Fig. 2. Invivo visualization and characterization of EVs from cancer tissue in rat mammary tumors. (A) In vivo imaging of control rats and tumor-bearing rats
by label-free multiphoton microscopy. (B) FAD/[FAD+NAD(P)H] values of EVs from control (n = 5 animals) and tumor-bearing rats (n = 5 animals). (C) Scatter
plot of individual EVs with intensities from the 3 channels. (D) Combined histogram of vesicle optical signatures from cancer and normal tissue. The blue
dashed line indicates the computed threshold value (0.65) for identifying the subpopulation of NAD(P)H-rich EVs by using Ostu’s method. (E) Concentration
and (F) percentage of NAD(P)H-rich EVs in relation to their cancer status (2-tailed Student'’s t test, ***P < 0.001, and ****P < 0.0001; 26 imaging sites from the
control group and 82 imaging sites from the cancer group). (G) Receiver operating characteristic (ROC) curve of cancer prediction by logistic regression using
different features. The feature of EV density yields an area under the ROC curve (AUC) of 0.786, the NAD(P)H-rich EV density yields an AUC of 0.849, and the
percentage of NAD(P)H-rich EVs yields an AUC of 0.868 (Scale bar: 100 pm.).

tracked with time-lapse imaging at multiple intratumor sites and  extracellular matrix and vessel walls (S| Appendix Fig. S9 and
tumor-neighboring sites. In contrast to the active release, uptake, =~ Movies S6-S9). This observation is not consistent with previous
and migration of EVs observed in cell cultures (Fig. 4 A—-C and  reports that EVs systemically disseminate to phenocopy metastatic
Movies S3-S5), the majority of EVs in the living tumor mi-  behavior or to condition secondary sites (6, 16, 17). This discrepancy
croenvironment appear immobilized and firmly attached to the  might be attributed to the heterogeneity of dynamic functions in
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Fig. 3. High levels of NAD(P)H-rich EVs are correlated with early- and late-stage human breast cancer. (A) Label-free multiphoton imaging of fresh
normal tissue and cancer tissue. (B) FAD/[FAD+NAD(P)H] values of EVs from subjects with different cancer statuses (19 subjects in total, Normal [n = 7],
Stage 1 [n = 5], Stage 2 [n = 3], and Stage 3 [n = 4]). (C) Combined histogram of vesicles optical signature from cancer and normal tissue. The blue dashed
line indicates a computed threshold value (0.73) for identifying the subpopulation of NAD(P)H-rich EVs by using Ostu’s method. (D) Concentration and
(E) percentage of NAD(P)H-rich EVs in relation to their cancer status (ANOVA, post hoc Tukey—Kramer test; 105 imaging sites in total, Healthy [n = 52],
Stage 1 [n = 19], Stage 2 [n = 21], Stage 3 [n = 13]). The colored circles correspond to the legend in D. The blue asterisks indicate statistical significance
compared to healthy subjects, while the red asterisks indicate statistical significance compared to both healthy subjects and Stage 1 breast cancer
subjects. (F) ROC curve of cancer prediction by logistic regression for different cancer stages (Stage 1 AUC: 0.978, Stage 2 AUC: 0.994, Stage 3 AUC: 0.997)

(Scale bar: 100 pm.).

EVs as well as the possibility of other vesicle migration mechanisms.
More in-depth studies are needed to investigate the mechanisms
behind these motility patterns.

Discussion

Complementary to the widely used isolation-based EV assays,
direct visualization and characterization of EVs in intact living cells
and tissues promises to add more comprehensive and informative

24016 | www.pnas.org/cgi/doi/10.1073/pnas.1909243116

insight into their heterogeneous properties and distributions in
unprocessed tissue, as well as their spatial-temporal incorporation
and role in the highly interactive and ever-evolving tumor micro-
environment. We expect that these methods and results will open
doors for the exploration of the dynamic roles of cancer-associated
vesicles in both basic research and clinical applications. The in situ
metabolic profiling capacity of the proposed method together with
the finding of the increasing NAD(P)H-rich EV subpopulation in
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Fig. 4.

EV dynamics in MDA-MB-231 cells in vitro. (A) Release of a vesicle
(Movie S3). (B) Migration of a vesicle through a cell protrusion (Movie S4).
(C) Uptake of a vesicle (Movie S5) (Scale bar: 20 um.).

mammary cancer can empower applications in the basic sciences
as well as enhance our understanding of the active metabolic roles
that EVs play in cancer progression. For clinical applications, the
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potential of this method is demonstrated via its sample-
preparation-free nature and its strong correlation with clini-
cal diagnosis. However, more studies are needed to prove that
this method and this finding can be effectively used for im-
proving clinical diagnosis, screening, and monitoring. The
system instrumentation, imaging, and analysis will need to be
standardized and pipelined to be demonstrated as a reliable
and user-friendly clinical instrument. Investigations of liquid
biopsy samples will be conducted to fully explore the clinical
utility of this method for improving breast cancer screening and
diagnosis. It is also possible that the abundance of NAD(P)H-rich
EVs is not only specific to breast cancer, but also applicable to
other types of cancers. However, we should be careful about
generalizing these breast cancer based findings to other cancer
types without extensive targeted studies as different cancer types are
known to have different metabolic alterations and profiles (41, 42).
Dedicated investigations will be performed in the future to sys-
tematically identify the metabolic signatures of EVs for other
cancer types.

Materials and Methods

All experiments involving human breast tissue were conducted in accordance
with a protocol approved by the Institutional Review Boards at the University
of lllinois at Urbana—Champaign and Carle Foundation Hospital, Urbana, IL.
All human tissue samples were obtained from subjects who preoperatively
provided informed consent permitting the investigational use of their tis-
sues. All experiments involving animals were conducted in accordance with a
protocol approved by the Institutional Animal Care and Use Committee at
the University of lllinois at Urbana-Champaign. Detailed methods are
available in the S/ Appendix.

Data Availability. The data and codes to perform the analyses have been deposited
in OSF (https:/osf.io/rSkdt/?view_only=ac9b10f32f31475abf8c78d1a682fa25) (43).

ACKNOWLEDGMENTS. We thank Crislyn D'Souza-Schorey, James W. Clancy,
and Edita Aksamitiene for providing expertise and insight for the EV isolation
procedures. We thank Darold Spillman for his technical support. We thank
Anna Higham, Kimberly Cradock, Natasha Luckey, and Z. George Liu from Carle
Foundation Hospital for assisting in the acquisition and histological assessment
of the human tissue specimens in this study. This work was supported, in part,
by grants from the National Institutes of Health (R01 CA166309, RO1 CA213149,
and RO1 EB023232 to S.A.B.). Additional information can be found at http:/
biophotonics.illinois.edu.

15. Y. Sun et al, Intraoperative visualization of the tumor microenvironment and
quantification of extracellular vesicles by label-free nonlinear imaging. Sci. Adv. 4,
eaau5603 (2018).

16. A. Zomer et al., In vivo imaging reveals extracellular vesicle-mediated phenocopying
of metastatic behavior. Cell 161, 1046-1057 (2015).

17. K. E. van der Vos et al., Directly visualized glioblastoma-derived extracellular vesicles
transfer RNA to microglia/macrophages in the brain. Neuro Oncol. 18, 58-69 (2016).

18. T. Kitamura, J. W. Pollard, M. Vendrell, Optical windows for imaging the metastatic
tumour microenvironment in vivo. Trends Biotechnol. 35, 5-8 (2017).

19. K. Takov, D. M. Yellon, S. M. Davidson, Confounding factors in vesicle uptake studies
using fluorescent lipophilic membrane dyes. J. Extracell. Vesicles 6, 1388731 (2017).

20. S. You et al., Intravital imaging by simultaneous label-free autofluorescence-
multiharmonic microscopy. Nat. Commun. 9, 2125 (2018).

21. S. You et al., Slide-free virtual histochemistry (Part I): Development via nonlinear
optics. Biomed. Opt. Express 9, 5240-5252 (2018).

22. S.You et al., Slide-free virtual histochemistry (Part 1l): Detection of field cancerization.
Biomed. Opt. Express 9, 5253-5268 (2018).

23. H. Tu et al,, Stain-free histopathology by programmable supercontinuum pulses. Nat.
Photonics 10, 534-540 (2016).

24. H. Tu et al., Concurrence of extracellular vesicle enrichment and metabolic switch
visualized label-free in the tumor microenvironment. Sci. Adv. 3, e1600675 (2017).

25. B. Weigelin, G.-J. Bakker, P. Friedl, Third harmonic generation microscopy of cells and
tissue organization. J. Cell Sci. 129, 245-255 (2016).

26. C. Théry, S. Amigorena, G. Raposo, A. Clayton, Isolation and characterization of
exosomes from cell culture supernatants and biological fluids. Curr. Protoc. Cell Biol.
Chapter 3, 22 (2006).

27. J. W. Clancy et al., Regulated delivery of molecular cargo to invasive tumour-derived
microvesicles. Nat. Commun. 6, 6919 (2015).

28. H. Zhao et al., Tumor microenvironment derived exosomes pleiotropically modulate
cancer cell metabolism. eLife 5, €10250 (2016).

PNAS | November 26,2019 | vol. 116 | no.48 | 24017

APPLIED BIOLOGICAL

SCIENCES

ENGINEERING


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909243116/-/DCSupplemental
https://osf.io/r5kdt/?view_only=ac9b10f32f31475abf8c78d1a682fa25
http://biophotonics.illinois.edu/
http://biophotonics.illinois.edu/
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1909243116/video-3
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1909243116/video-4
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1909243116/video-5

Downloaded at University of Illinois on April 18, 2020

29

30.

31.

32.

33.

34.

35.

. G. Bodega et al., Young and especially senescent endothelial microvesicles produce
NADPH: The fuel for their antioxidant machinery. Oxid. Med. Cell. Longev. 2018,
3183794 (2018).

N. Iraci et al., Extracellular vesicles are independent metabolic units with asparaginase
activity. Nat. Chem. Biol. 13, 951-955 (2017).

M. C. Skala et al., In vivo multiphoton microscopy of NADH and FAD redox states,
fluorescence lifetimes, and cellular morphology in precancerous epithelia. Proc. Natl.
Acad. Sci. U.S.A. 104, 19494-19499 (2007).

Z. Liu et al., Mapping metabolic changes by noninvasive, multiparametric, high-
resolution imaging using endogenous contrast. Sci. Adv. 4, eaap9302 (2018).

P. M. Gullino, H. M. Pettigrew, F. H. Grantham, N-nitrosomethylurea as mammary
gland carcinogen in rats. J. Natl. Cancer Inst. 54, 401-414 (1975).

R.S. Cha, W. G. Thilly, H. Zarbl, N-nitroso-N-methylurea-induced rat mammary tumors
arise from cells with preexisting oncogenic Hras1 gene mutations. Proc. Natl. Acad.
Sci. U.S.A. 91, 3749-3753 (1994).

M. C. Larson, C. A. Hillery, N. Hogg, Circulating membrane-derived microvesicles in
redox biology. Free Radic. Biol. Med. 73, 214-228 (2014).

24018 | www.pnas.org/cgi/doi/10.1073/pnas.1909243116

w

6

37.

38.

39.

40.

41.

42.

43.

. I. Georgakoudi, K. P. Quinn, Optical imaging using endogenous contrast to assess
metabolic state. Annu. Rev. Biomed. Eng. 14, 351-367 (2012).

M. G. Vander Heiden, L. C. Cantley, C. B. Thompson, Understanding the Warburg effect:
The metabolic requirements of cell proliferation. Science 324, 1029-1033 (2009).

E. Panieri, M. M. Santoro, ROS homeostasis and metabolism: A dangerous liason in
cancer cells. Cell Death Dis. 7, e2253 (2016).

L.-C. Cheng, N. G. Horton, K. Wang, S.-J. Chen, C. Xu, Measurements of multiphoton ac-
tion cross sections for multiphoton microscopy. Biomed. Opt. Express 5, 3427-3433 (2014).
A. O'Loghlen, Role for extracellular vesicles in the tumour microenvironment. Philos.
Trans. R. Soc. B Biol. Sci. 373, 20160488 (2018).

A. Budhu et al., Metabolic profiles are principally different between cancers of the
liver, pancreas and breast. Int. J. Biol. Sci. 10, 966-972 (2014).

A. Halama et al., Metabolic signatures differentiate ovarian from colon cancer cell
lines. J. Transl. Med. 13, 223 (2015).

S. You, Multiphoton imaging of extracellular vesicles. Open Science Framework.
https://osf.io/r5Skdt/?view_only=ac9b10f32f31475abf8c78d1a682fa25. Deposited 19
October 2019.

You et al.


https://osf.io/r5kdt/?view_only=ac9b10f32f31475abf8c78d1a682fa25
https://www.pnas.org/cgi/doi/10.1073/pnas.1909243116

