


FIGURE 8. Pie charts (for all the mice together) and bar graph (for individual mouse) showing relative percentage of T cells and B cells present

in the Raman spectroscopy–investigated area and entire fluorescence images of spleen from C57BL/6 mice spleen tissue sections.

Pie chart showing ratio of T cells and B cells present in the investigated spleen tissue sections, (A) in sham mice only from the Raman

spectroscopic–imaged regions, (B) in LPS-treated mice only from the Raman spectroscopic–imaged regions, (C) in sham mice from entire

fluorescence images, and (D) in LPS-treated mice from entire fluorescence images. Bar graph presenting relative percentage of T cells (Continued)(Continued)
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Chemical reactions triggered by LPS within cells via specific
receptors such asTLR4mediate cellular immune response,which
in turn affects the body’s physiological conditions such as in-
crease in clinical severity by elevated heart rhythm, rise in body
temperature, weight loss, and increased mortality rate. Much of
these pathological effects are owed to the release of proinflamma-
tory mediators and cytokines upon LPS stimulation. During the
proinflammatory and postinflammatory stages, lymphocytes play
an important role as a member of the adaptive immune system.
The major source of lymphocytes is spleen, which plays a central
role in fluidic management and forms a migratory route for the
lymphocytes (3).Hence, spleen residentT cells allow investigating
long-term effects of LPS on their functionality.

Special focus has been placed on the major subpopulation
of the splenocytes (i.e., CD4+ T cells and CD8+ T cells. The im-
munological and functional aspects of T cells 10 d post–LPS
treatment indicated T cell ensuing normal functionality (23, 31).
Indeed, the T cells’ cytokine responses, upregulation of activation
markers, or proliferation were previously found to be similar to
the controls at this late, postacute time point in endotoxemia (23).
The findings presented in this study, based on label-free Raman
spectroscopy, are fully in line with the results from immunophe-
notyping. In addition, Raman spectroscopy gave deeper insights
for different cellular biomolecules and the variation they undergo
upon LPS insult. For instance, DNA peak intensity was observed
to be higher in the control T cells compared with the LPS-treated
T cells. This can be due to the dense nucleus structure that is
usually observed in naive T cells (48). Conversely, structural
integrity of the nucleus loosens up in T cells from endotoxemia as
the nuclear processes are switched on in responses to inflamma-
tion (e.g., via stimulationof theNFofactivatedTcells (48–51).This
effect is observed up to 10 d post–LPS insult in both CD4+ T cells
and CD8+ T cell populations. However, at day 30, no more
differences are observed in the peak intensity of the nucleus band
except for CD8+ T cells, in which a slight difference is still visible
in the Raman difference spectra (Fig. 3F). Higher nucleus ac-
tivity in terms of chromatin remodeling, DNA expression, and

changes in the transcription factors–NF, and increase in activator
protein has been previously reported and is indicative of cellular
adaptation after endotoxin shock–related cell activation (52, 53).
CD8+ T cells are known as late responders in the presence of
inflammation. This is reflected in theRaman spectra 30 dpost–LPS
insult that feature Raman peaks arising from DNA. These changes
observed in T cells have been attributed to genomic rearrange-
ments, as such transformationaffects thecompactnessof chromatin
as reportedbyChanet al. (33) andhence thevariation in thenucleus
Ramanpeak intensities (54). Further, to sustain the large changes in
the nucleus, large numbers of proteins are required in the activated
T cells compared with the naive cells. As a result, immune-specific
transcription factors upregulating the T cells’ surface glycoproteins
(17, 55, 56) show major contributions in the Raman difference
spectra apart from Raman peaks of nucleic acids (57).

Further changes in the difference Raman spectrum between
cells fromcontrol andLPS-treatedmicearemainlyassociatedwith
overall lipids and carbohydrates (Raman bands in the spectral
region 1400–1500 cm21). PCA-LDA indicates T cells undergo
major intracellular chemical restructuring 4 d post–LPS treat-
ment, and these chemical changes are visible forCD4+Tcells up to
10dafterLPS insult in the survivingmice.However, 30dpost–LPS
treatment, discrimination is not possible between cells from LPS-
treated and control mice, indicating the cells regain their initial
chemical compositions. This indicates that T cells start recovering
their original functional status 10 d post–LPS treatment, which is
in good agreement with previous results obtained by immuno-
phenotyping (23). However, although the evaluated clinical
severity scores return to normal range 10 d post–LPS treatment
(23), some subtle differences in the disease index can still be
observed between the control and LPS-treated mice as shown
previously (23). This may explain the small differences, especially
the vibrational bands arising from the contributions of proteins
observed in theRamandifference spectra30dafterLPS treatment.

As a further step to minimize sample handling and to char-
acterize the organ itself, spleen tissue was directly subjected to
Raman spectroscopic analysis. This analysis pointed to major dif-
ferences in the amount of heme (Hb content) between control
and endotoxemia mice (58, 59). Relative high-intensity Hb peaks
in the spleen of control mice is expected, as normal spleen is
composedof;80%redpulp (60–62) consistingprimarilyofRBCs
along with a fair amount of T cells (58). This was also noted in
the color of spleen after isolation, spleens of LPS-treated mice
appearing pale-red color, whereas spleen from control mice were
deep red (data not shown). However, the general anemic condi-
tions of the animalswere recorded frombloodhemogramandhave
been previously reported (see figure 1D of Ref. 23). Hence, the

TABLE II. Accuracy (given in %) obtained for two-class PCA-LDA
model generated for control mice (A, B, C, D) and LPS-treated
C57BL/6 mice (E, F, G, H)

Mice E F G H

A 88.73 84.91 93.17 91.48
B 80.00 67.97 85.53 68.10
C 90.05 68.19 84.41 88.07
D 83.76 74.59 89.03 77.51

and B cells present in the fluorescence images of individual mouse spleen tissue section, (E) only from the Raman spectroscopic–imaged regions,

and (F) from all the fluorescence images. To evaluate changes in the proportion of B cells and T cells in the investigated mice, the ratio of the areas

covered with the respective fluorescence marker was calculated. The biological experiments were repeated four times with one mouse per

condition. Three tissue slices were investigated per spleen. Mouse of strain type C57BL/6 were investigated using confocal fluorescence

microscopy.

https://doi.org/10.4049/immunohorizons.1800059

ImmunoHorizons RAMAN SPECTROSCOPY FOLLOWS T CELL CHANGES IN ENDOTOXEMIA 57

 by guest on February 20, 2019
http://w

w
w

.im
m

unohorizons.org/
D

ow
nloaded from

 

https://doi.org/10.4049/immunohorizons.1800059
http://www.immunohorizons.org/


absence of prominent DNA phosphate backbone vibration contri-
butions in the treated mice, as observed from the LD loading,
points in the direction of internucleosomal DNA cleavage of the
apoptotic cells present in the tissue (51, 54, 63). The bright-field
spleen tissue images of the LPS-treated mice in comparison with
the control show scarring and tissue injury (Fig. 7B, 7D). These
observed morphological changes in the spleen have been reported
as a result of LPS insult (64), and it is also known that cleaved
caspase-3–positive cells significantly increase in numbers after
the LPS exposure causing widespread leukocyte apoptosis in the
spleen tissue (65). The tissue injury hypothesis can be further
confirmed with the presence of Raman vibrations arising from the
cytochrome-c/heme moiety and is in accordance with reported
studies in literature where presence of cytochrome and heme
during tissue injury in organs such as brain has been observed (38,
66, 67). The k-means clustering image captures to some extent the
contributions of DNA and heme. However, the spatial resolution
used for Raman imaging of spleen tissue (3 mm) is not sufficient
to reveal changes on cellular level.

The spleen harbors other resident splenocytes besides T cells,
such as B cells, dendritic cells, or macrophages. Raman spectra of
the tissue have contributions from various splenocytes and can
influencetheoutcomeof thePCA-LDAmodel. Ithasbeenpreviously
reported that Raman spectroscopy is capable of differentiating
between T cells and B cells (57). Because the tissue areas for Raman
mapping were selected randomly, the possibility of uneven
distribution of the T cells and B cells within the Raman-mapped
area can be foreseen. The B cell spectra hardly show any
difference between control and LPS-treated mice. However, the
difference in the ratio of T cells to B cellsmight have an influence
on the Ramanmodel. One probable explanation is that similar to
T cells, theB cells are not directly engaged by theLPS.Moreover,
the precise mechanisms of lymphocyte homing or trafficking
through the spleen during systemic inflammation are currently
debated (3, 11, 68). In the current study,we consistently observed
a severe drop in the number of splenic lymphocytes following
the LPS challenge. This indicates that T cells transit from the
spleenprobably into lymphoidcirculation.Alternatively, thedecrease
in lymphocyte numbers might reflect in situ apoptosis, although
we did not obtain any proof of wide-spread splenocyte death in our
experiments.

The accuracy of the PCA-LDA model increases when Raman
spectra of an individual mouse from the control and the LPS-
treated group were analyzed pairwise. The PCA-LDA accuracy
table further shows the impact of the heterogeneity with which
eachmouse reacts to LPS (Table II). The accuracy to differentiate
individual mice spleen of treated and untreated mice lays around
80–90%. The major spectral differences responsible for the dif-
ferentiation of spleen tissue after LPS treatment arise because of
the changes in the T cells cellular profile and the connective tissue
structures of spleen itself. The spleen tissue is injured once
inflammation is induced by administration of the LPS (66, 67).
Indeed, being a central lymphoid organ, major changes in spleen
architecture and cellularity can be easily observed in an infection
scenario (2, 69).Thus, inflammation triggerscellular redistribution

within the spleen (65), extensive cytokine production (69), and
tissue scarring (3). Analysis of the spleen tissue in a label-free
manner via Raman spectroscopy offers new possibilities for
the noninvasive analysis and description of the immunological
changes involved in the host response to systemic inflammation
and sepsis.

The advantages of this new method are that it is unbiased as
being label free and is a nondestructive technique, as samples are
available after Raman measurements for immunohistochemistry
analysis. Further, it has also shown the possibility to directly apply
Raman spectroscopy for spleen tissue analysis. After Raman
spectroscopic analysis, the tissue can still be used for classical
immunofluorescence staining and analysis.

CONCLUSIONS

In this study, we demonstrate the possibility of using Raman spec-
troscopy to follow the T cell activation process post–LPS treat-
ment in a rodent model of endotoxemia. The cells were analyzed
from acute to postacute inflammation stages. Raman spectroscopy
results indicate T cells gain back their major biochemical compo-
sition after LPS shock in the time spam of 30 d. Spleen tissue
analysis of LPS-treated mice using Raman spectroscopy shows
changes in Hb and DNA content. Fluorescence image analysis
reveals higher number of B cells and reduced number of T cells
in the spleen after LPS treatment. As a label-free method, Raman
spectroscopy shows high potential for phenotyping of immune
cells and following the dynamics of cellular activation response
to endotoxins such as LPS.
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39. Wesełucha-Birczyńska, A., M. Kozicki, J. Czepiel, and M. Birczyńska.
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