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We employ our previously developed label-free non-invasive imaging system
based on the simultaneous acquisition of quantitative phase images and Raman spectroscopy, which are
indicative of morphology and molecular content, respectively. We couple these measurements on live

cells with machine learning to derive statistical models that describe immune activation.

We validate our approach on primary cells derived from murine samples, which are much more

heterogenous than cell lines, and achieve over 90% accuracy. We also show that we can distinguish

different cellular sub-types that are difficult to identify with standard methods.

We also investigate the activation and differentiation of T cell lymphocytes, and show that we can

detect T cell activation with over 95% accuracy, and also distinguish different types of activation,
namely TCR stimulation and chemical bypass.



(1) We previously developed a multimodal microscope that allows the simultaneous
measurement of quantitative phase images (QPI) and single-cell Raman spectra. These
measurements can readily be obtained non-invasively from live cells without further
processing, as these techniques do not require any extraneous label for imaging contrast.
(2) We could use these measurements to derive indicators related to the cellular state
and response to stimuli. These indicators are based on morphology (as extracted from
QPI), or intracellular content (as retrieved from Raman spectra). We then coupled these
indicators with machine learning algorithms to reliably detect the activation state of
macrophage cells, and could show that our indicators display a dosage-dependent
behavior (through morphology) and allow the detection of specific signaling pathways
in the cellular immune response (through spectral measurements).

(3) Label-free measurements present an interesting complement to standard approaches
in biological imaging, where staining dyes, mostly fluorescent, are extensively used.
The endogenous contrast obtained in this case can enable the detection of targets for
which reliable staining is not available, and allow the observation of live and
completely unaltered samples.

(1) The purpose of this project is to develop
the use of label-free microscopy for the
detection of biological responses at
cellular level, in particular in the context
of immunological response.

(2) Specifically, it aims at deepening the
understanding of the measurements derived
from both imaging and spectroscopy that are
then employed to characterize the cellular
immune response. While reliable indicators
could be obtained previously in the context
of macrophage activation, their signi-
ficance in the larger context of the immune
system is not yet fully understood.

(3) The purpose of this project is
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therefore to study the vresponse of
different cell types with our label-free
system, and also study the interaction
between immune cells by taking advantage
of the non-invasiveness of our imaging

Figure 1: (A) Typical QPI image of EL4 T cells.
(B) Automated segmentation of the objects in the
field of view, where the center of each cells is
used as an automatic target for the Raman laser
excitation. (C) Typical average Raman spectrum
of EL4 T cells with the standard deviation shown

platform that enables the observation of
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(1) The research project is mainly based on the multimodal imaging platform described
above, which enables the retrieval of label-free information based on both QPIl images,
related to the optical density of cells, and Raman spectra, which are indicative of
the intracellular molecular content.

(2) This approach makes it possible to retrieve multivariate information on single-
cell, where morphological indi- cators typically yield 300 variables related to shape,
intensity and texture, while spectra lead to approximately 700 variables from different
wavelengths. This provides a large vector on which statistical analysis can be performed,
while ensuring large sample sizes at single-cell level, as thousands of cells can be
measured with such a system.

(3) Exploratory analysis is typically performed with principal components analysis



(PCA), while the creation of models and machine learning is performed through penalized
logistic regression. This method of classification presents the advantage of still
enabling interpretation of the data as it provides a separation vector that identifies
the features providing most of the separation between classes.

(4) A high throughput of measurements is ensured by recording one Raman spectrum
representative of the whole cell content, by averaging the contributions from a whole
region in the cell. During the project, we further increased the measurement throughput
by automating the acquisition procedure, where cells can be automatically detected in
the field of view of QPI images to determine the regions that should be targeted for
measurements in the Raman modality.

(5) This process is illustrated in Fig. 1, where the QPI image (see Fig. 1A) is used
to automatically segment cells, as shown in Fig. 1B. This allows the detection of the
center of gravity (in white) that determines the center of the region to be measured.
(6) The purpose of this improved acquisition procedure is to ensure higher throughput
that could be then applied to primary cells. We therefore developed and validated the
protocols to extract different primary cells, and in particular peritoneal macrophages
and lymphocytes (T and B cells) that could be used during our experiments. We also
developed the stimulation protocols to study the immune response of these different
cell types.

(1) The first part of the project aimed at further investigating macrophage cells
activation, by validating our measurement approach on different samples. In our initial
research [2], we demonstrated the ability of our label-free approach to detect
activation on the Raw264 cell line, which provides quite homogenous populations, and
is known to display some level of
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(3) Our results show that it is possible Figure 2: Exploratory analysis through PCA of
to identify the activation state on the macrophage cells (N=20,000). (A) Distribution of
different macrophages, as shown in Fig. cell either in resting or activated state,
2A with exploratory analysis (not yet induced by exposure to LPS. (B) Distribution of
classified). Furthermore, our non-  the different cell types (adapted from [1]). (C)
invasive approach can also identify the  FACS plot of cells from the peritoneal cavity on
cell type: Raw264, RPM, or EPM, as two phagocytes related markers, F4/80 and CD11b,
illustrated in Fig. 2B. where RPM and EPM are identified.
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(4) We could achieve over 90% accuracy for the classification of all 6 classes, namely
the 3 cell types, either resting or activated [1]. This demonstrate the ability of our
approach to detect the activation state on highly heterogenous cell populations such
as peritoneal macrophages. Furthermore, it is known that the RPM and EPM are



functionally different as they originate from different progenitors; RPM are a self-
renewed population within the peritoneal cavity, while EPM are differentiated from
monocytes recruited from the blood. These populations are however hard to distinguish
with standard methods such as fluorescence-activated cell sorting (FACS), as
illustrated in Fig. 2C.

(5) Finally, we could show that our method is also sensitive to the specimen itself,
as it can detect fine changes in the response of the mice to the stimulation [1]. This
enables the detection of outlier behavior between experiments, and is an interesting
lead for further investigation.

(6) In a second part of the project, the purpose was to investigate the influence of
secreted cytokines on the activation state of cells. We first attempted to detect local
effects by employing low dosages of lipopolysaccharide (LPS) for stimulation, and tried
to correlate the detected activation state with the location of denser clusters of
cells in the culture, where the cytokine concentration should be higher. This approach
however did not yield significant differences.

(7) On the other hand, we employed co-cultures of macrophages with T cells from the
murine cell line EL4. The lymphocytes were stimulated so that they would secrete high
levels of cytokines and were co-cultured with Raw264 macrophage cells, which could
then be observed as being activated. This shows that the activation purely based on
cell secreted cytokines is possible.

(8) It is known that cytokines secreted by macrophages induce inflammation and migration
of additional immune cells in the vicinity of injuries in vivo. We can hypothesize
that the absence of significant differences in the case of mono-cultures is due to
diffusion of cytokines in the media that leads to homogenous concentration, making in
vitro models not suitable for these studies.
(9) In the last part of the research, we
studied the influence of antigen-
presenting cells (APC) on lymphocyte
activation with our system. APCs bind to
lymphocytes to create immune synapses
through the T cell receptor (TCR), which
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artificial APCs, which are created by

coating plastic beads with the required Figure 3: Population distribution after
antigens that mimic the size and classification with  Raman indicators
configuration of physiological APCs, while  (N=5000), where the large control vs.
ensuring a high efficiency of activation. activated distinction can be seen, along with
We compared this method with a known smaller differences between stimulation
chemical way to stimulate T cells, based methods.

on a cocktail of phorbol 12-myristate 13-

acetate (PMA) and ionomycin.

(11) We extracted naive CD4* T cells from splenocytes, and exposed them to the two
types of stimulations described above. We could then identify significant differences
between the different conditions as illustrated in Fig. 3, and could reach over 95% in
classification accuracy for the detection of T cell activation, again showing the
ability of our approach to non-invasively detect cellular responses.

(12) Furthermore, the label-free indicators also make it possible to distinguish
between the stimulation methods, with an accuracy of approximately 80%. The chemical
stimulation PMA/ionomycin is known to bypass the standard signaling pathway to induce
activation. This implies that the differences identified with our method between



chemical stimulation and artificial APCs originates mostly from the generation of the
immune synapse and its subsequent signaling cascade.

(13) The measurements to study lymphocyte activation were performed on both cell lines
(EL4) and primary cells (splenocytes, CD4%), and showed that the measured responses
are clearly stronger in the case of primary cells. This can be due to the fact that
cell lines are commonly from tumor origins, which can affect both their resting state
as well as their response to stimuli.

(14) Finally, we also obtained preliminary results in the use of physiological APC to
generate the immune synapse and induce activation. In that case, we employed lymphocytes
as APCs, by incubating them with superantigen molecules. These cells were then put in
co-cultures with naive T cells so that they can bind to the TCR and induce non-specific
activation.
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