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Anuradha Ramoji,*,†,‡ Oleg Ryabchykov,†,‡ Kerstin Galler,*,† Astrid Tannert,*,†,§ Robby Markwart,* Robert P. Requardt,*
Ignacio Rubio,*,{ Michael Bauer,*,§,{ Thomas Bocklitz,†,‡ Jürgen Popp,*,†,‡,§,k and Ute Neugebauer*,†,‡,§,k
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Germany; ‡Institute of Physical Chemistry and Abbe Center of Photonics, Friedrich Schiller University, 07743 Jena, Germany; §Jena Biophotonics
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Germany; and kInfectoGnostics Research Campus Jena, 07743 Jena, Germany

ABSTRACT

T lymphocytes (T cells) are highly specialized members of the adaptive immune system and hold the key to the understanding the hosts’

response toward invading pathogen or pathogen-associated molecular patterns such as LPS. In this study, noninvasive Raman spectroscopy

is presented as a label-free method to follow LPS-induced changes in splenic T cells during acute and postacute inflammatory phases

(1, 4, 10, and 30 d) with a special focus on CD4+ and CD8+ T cells of endotoxemic C57BL/6 mice. Raman spectral analysis reveals highest

chemical differences between CD4+ and CD8+ T cells originating from the control and LPS-treated mice during acute inflammation, and the

differences are visible up to 10 d after the LPS insult. In the postacute phase, CD4+ and CD8+ T cells from treated and untreated mice could

not be differentiated anymore, suggesting that T cells largely regained their original status. In sum, the biological information obtained from

Raman spectra agrees with immunological readouts demonstrating that Raman spectroscopy is a well-suited, label-free method for

following splenic T cell activation in systemic inflammation from acute to postacute phases. The method can also be applied to directly study

tissue sections as is demonstrated for spleen tissue one day after LPS insult. ImmunoHorizons, 2019, 3: 45–60.

INTRODUCTION

T cells have been widely studied as an important component of
adaptive immunity (1–3). T cells originate from bone marrow and
migrate to thymus for maturation. The majority of T cells resides
in the spleen, a lymphoid organ accounting for 25% of total
body lymphocytes (3).

T cells emerge from the thymus with specific genomic DNA
sequences that dictate the surface TCRs through which the

cellular activation process is mediated (4). Naive T cells
circulate mainly through the lymphatic system and through
the spleen. During their circulation, T cell clones that come
across their cognate Ags presented on APCs become activated
via their TCRs, expand clonally, and lead the host’s body
response against the infectious pathogen (4–6). The T cell
activation process is an indirect process. T cells require APCs
for their activation (7–9). LPS triggers inflammatory response
of cytokine release, reactive oxygen species formation, and
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various mediator responses andmobilizes the immune cells, in
particular the T cells.

T cells are investigated for the relative ratio of their subtypes,
for their surface receptor expression that may reflect priming,
activation, tolerance or exhaustion, and for their functional
response to the stimulations performed via various stimulation
modes. Most commonly employed methods include but are not
limited to flow cytometry, immunohistochemistry, immunophe-
notyping, and gene expression analysis. All thesemethods target
the understanding of intracellular biochemical changes and
surface modifications. However, despite all these well-
established approaches, T cell activation modes and their
functionality are not fully understood, and many aspects related
to T cell dysfunction are still debated (7, 8, 10–12). Further, by
conventional immunological readouts it is hard to capture
long-term changes associated with inflammation within
the lymphocytes.

With regard to endotoxemia and systemic infections, such as
found in the case of sepsis, accumulating evidence supports the
concept that T cells lapse into a protracted immune-suppressed,
anergy-like statewhere they are functionally inactivated (8, 10, 11).
In the state of endotoxin (7, 8) and/or infection-related shock
leading to sepsis, T cell functionality gets altered at multiple levels
(9, 13, 14). For a better understanding of the changes occurring
within the T cells that can be applied for targeted drug therapy
and for adoptive T cell transfer therapeutic development, there is
a need for fast, cost-effective, and label-free methods of T cell
phenotyping. Such noninvasive methods can provide information
about T cell functional status in their native state in a non-
destructive and label-free manner without much alteration of the
cells during the investigation.

Raman spectroscopy is an emerging method in biomedical
research that allows investigating biochemical features of the cells
in a nondestructive and label-free manner, which in turn enables
discrimination of different cell types as well as their functional
states. In Raman spectroscopy, laser light is scattered upon in-
teracting with the biomolecules, and the inelastically scattered
light contains information about the molecular vibrations that are
very specific to the molecule. Hence, complex information about
the cell and its activation status is captured by the Raman spectra.
Accordingly, Raman spectroscopy has been applied to charac-
terize leukocytes for single-cell analysis (15, 16), to follow cellular
activation status in cell lines (15, 17, 18), cell–drug, and cell–cell
interactions (18–20) aswell as differentiation of cell types (20–22).
In the current study we have explored the potential of Raman
spectroscopy for analysis of the T cells isolated from the mice
spleen and for the investigation of spleen tissue from mice after
LPS insult (1). Our findings show that Raman spectroscopy allows
the capture of the activation pattern of the T cell subtypes CD4+

andCD8+ isolated fromthe spleenofmice suffering fromacute and
postacute inflammation. Importantly, we document that Raman
spectroscopy results are in agreement with the results obtained
from traditional immunology (23), as they highlighted the greatest
differences in the T cell’s phenotype after 4 d post–LPS treatment
rather than at longer postacute stages.

MATERIALS AND METHODS

Mouse strains
Protocols related to mouse handling and concerning ethical
permission have been reported previously (23). From the same
study,mice cells and spleen tissue sampleswere received. In brief,
Black 6 mice were allowed to adapt to laboratory conditions
and to artificial day and night cycle for at least 4 d. Laboratory
temperature was maintained at 23°C, and humidity was kept
between 60 and 70%. The mice received standard mouse diet.
Experiments performed in the Jena University Hospital were
conducted in accordance with German legislation on protection
of animals andwith permission from the regional animalwelfare
committee of Thuringia (permit Tierversuchsantrag (animal
test request) Registration no. 02-046/11) (23).

LPS-induced inflammation mouse model
Details of the mice experiments have been described in the
previous publication (23). In brief, C57BL/6 murine endotoxemia
model was used in which mice were injected with LPS i.p. (9 to
11 mg/kg body weight) or 0.9% saline water (for control mice).
Miceweresacrificedat a specifiedperiodof time: 1, 4, 10, or30d(see
Fig. 1) after the LPS insult. The clinical scores of the mice after
LPS insult have been shown in our previous publication (23).

Raman spectroscopic investigation of T cells
T cell isolation from mouse spleen and sample preparation. T cells
were isolated from pooled spleens as described previously
(23). Briefly, spleens were placed on a 70-mm cell strainer
and gently squashed with a plunger. Cells were washed
with washing buffer (PBS; Biochrom) supplemented with
0.5% BSA (PAA Laboratories), and 2 mM EDTA (AppliChem).
Contaminating erythrocytes were removed by lysis. Cells were
washed and CD4+ T cell and CD8+ T cell subsets were purified
using automated negative magnetic sorting (autoMACS Pro
system;Miltenyi Biotech) usingCD4+ andCD8+ standard isolation
kit protocols (Miltenyi Biotech order no. 130-104-454 and 130-
096-495). Briefly, T cells pellet was resuspended in 40ml of buffer
per 107 cells, and 10ml of Biotin-AbCocktailwas added. Cellswere
incubated for 5min at 4°C followed by 30ml of buffer and 20ml of
Anti-Biotin MicroBeads and further incubation for 10 min at 4°C.
Total volume of the cell suspension was adjusted to 500 ml and,
using autoMACS Pro Separator, a negatively selected enriched
fraction of CD4+ and CD8+ T cells was obtained. Throughout the
isolation procedure the cells were maintained at a temperature
of 4°C. The purity of T cell preparations was assessed by flow
cytometry on a FACS Calibur (BD Pharmingen) using anti-human
CD4-PE (clone MEM-241, ImmunoTools) and anti-human CD8-
allophycocyanin (clone MEM-31, ImmunoTools). Data analysis
was performed with FlowJo software (Tree Star). Purified
CD4+ T cells or CD8+ T cells were discriminated from magnetic
purification beads via forward scatter/side scatter blotting
followed by quantification of CD4-/CD8-positive cells in bivariate
CD4+/CD8+ or univariate histogram blotting (Supplemental
Fig. 2). For Raman analysis, purified CD4+ and CD8+ T cells were
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fixed with 4% formaldehyde (Carl Roth) for 10 min on ice.
Chemical fixation is a common procedure applied for Raman
spectroscopic imaging of cells and tissue to preserve the in-
formation relevant to cellular activation state aswell as tomaintain
the structural integrity of the cells (24, 25). Afterwards the cells
werewashedwithwashingbuffer (PBS+0.5%BSA+2mMEDTA)
and followedbywashingwith0.9%sodiumchloride (NaCl;Merck)
solution. Twodifferentmethodswere employed to coat the cells on
the slides; 1) the cells (13 106 cells)were resuspended in 100ml of 0.
9% NaCl solution and coated onto CaF2 (Crystal) slide using
cytospin (Shandon Cytospin 3 Cytocentrifuge; Thermo Fisher
Scientific) (6min, 300 g), 2) the cells (13 106 cells)were embedded
in 100 ml of 0.75% of alginate (Sigma-Aldrich) solution on CaF2
slides to allow for measurement in suspension. The cells were
immobilized by polymerization of alginate using 0.5 M calcium
chloride solution (Sigma-Aldrich) followed by awashing step using
PBS.Bothmethods are commonlyused to investigate single cells by
meansofRamanspectroscopywith the latter onebecoming slightly
more established (25). After preparation, cells were stored at 4°C
and measured within 4 h.

Four different timepoints after LPS treatment ofmice, namely,
1, 4, 10, and 30d, have been investigated in this study. For each time
point a minimum of three biological replicate experiments were
performed. At each time point and for each biological replicate
9 to 12 mice were used, and T cells were isolated from pooled
spleens (23).

Raman spectroscopy. RamanspectraofTcellswere recordedwith
an uprightmicro-Raman setup (CRM300;WITec) equippedwith
a 300 grooves per mm grating blazed at 750 nm. A diode laser
with a wavelength of 785 nm was used for excitation. The
180°-backscattered light from the sample was guided through
a fiber 100 mm in diameter and detected with a back-illuminated

deep depletion charge coupled device camera (DU401A BR-DD,
ANDOR, 10243 128 pixels) cooled down to260°C. For the two
different sample preparationmethods, two different measurement
modes were employed: cytospin-coated cells were measured in air
(Tcells 10dpost–LPS treatment andTcells batch3of4dpost–LPS
treatment), whereas cells embedded in alginate were immersed in
sterile-filtered (0.2-mm filters) tap water (1, 4, and 30 d post–LPS
treatment). Raman spectra acquisition of T cells in air and inwater
results in vibrational spectra capturing similar information of
the cellular biochemical composition. When measured in water
additional Raman peaks of water are observed (OH stretching
at 3200 cm21 and OH deformation at 1600 cm21) (Supplemental
Fig. 1A, 1C). Differences in the spectral background can be
corrected by spectral preprocessing (Supplemental Fig. 1B). Thus,
differences in the sample preparationmethod had no influence on
the Raman spectroscopy outcome (i.e., spectroscopic differen-
tiation of the different time points when individual sampling
points are compared). Raman maps of randomly selected,
individual cells were recorded in area scanning mode with a
step size of 0.3mmand integration time per spectrum0.5 to 2 s. A
white light image of an exemplary cell is depicted in the inset of
Supplemental Fig. 1C. For the dry cells, 1003/numerical
aperture (NA) 0.9 (Carl Zeiss Microscopy) objective was used. For
the samples measured by immersing in water, a 603/NA 1.0 water
immersion objective (Nikon) has been used. The laser power before
the objectivewas 200mW.Approximatively 400 to 600 spectra per
cell region were obtained. The biological experiments were
repeated minimum three times (Supplemental Table IA).

Spectroscopic investigation of spleen tissue
Sample preparation. Mice were injected i.p. with LPS or 0.9%
saline water and sacrificed after 24 h. Spleens were collected and
immediately frozen in liquid nitrogen. Spleen sampleswere stored

FIGURE 1. Experimental design for in vivo LPS challenge of C57BL/6 mice and disease index post–LPS insult.
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at280°C until further use. Cryoslices of the samples were cut in
a cryostat (Leica CM3050 S; Leica Biosystems) at a temperature
range between219 and223°C. Tissue slices for Ramanmeasure-
ments and subsequent immunofluorescence staining were cut at a
thickness of 10 mm and transferred on to CaF2 slides. Three slices
were cut per sample for Raman measurements. After Raman mea-
surements the tissue slices were subjected to immunofluorescence
staining.

Raman measurements. Spleen tissue slices were cut 1 to 6 d prior
to Ramanmeasurements and stored at220°Cuntil use. The tissue
slices were thawed and dried on CaF2 slides shortly before the
measurement. Raman spectra of the tissue slices were recorded
with an uprightmicro-Raman setup (CRM300;WITec) equipped
with a 600 grooves per mm grating blazed at 500 nm. Because
excitation with 785 nm yielded a high fluorescence background
from spleen tissue sections, a frequency-doubled Nd-YAG laser
with a wavelength of 532 nm was used for excitation. The 180°-
backscattered light from the sample was guided through a fiber,
50 mm in diameter and detected with a back illuminated deep
depletion charge coupled device camera (DU401A BV-532,
ANDOR, 10243 127 pixels) cooled down to260°C. The Raman
spectra of the tissue sections in airwere recorded in area scanning
mode from an area of 33 3 33 mm with a step size of 3 mm and
1 s integration time per spectrum using a 1003/NA 0.75 objective
(Carl Zeiss Microscopy) and 15 mW of laser power before objec-
tive. This objective was chosen to enable Raman spectroscopic
imaging of the rough (inmicrometer range) tissue surfacewith an
upright microscope. Spleen was collected from a total of eight
mice from three independent biological experiments.

Immunofluorescence staining. After Raman measurement the
tissue slices were fixed to the CaF2 slides by acetone (Carl Roth)
and permeabilized with Tween-20 (Carl Roth). The labeling
procedure startedwith ablocking stepwith blocking reagent (Life
Technologies). T cells were labeled by a rat anti-CD3 (1:50; AbD
Serotec). Itwas detected by a donkey anti-rat Alexa Fluor 555 (1:400;
Abcam).Bcellswere labeledbyadonkeyanti-mouse IgGAlexaFluor
647 (1:200; Abcam). Ab dilutions were prepared in blocking reagent.
Between the incubation steps, the samples were rinsed with PBS
(Biochrom) containing 0.1% Tween-20. Finally, the samples were
embedded in antifading medium (Vectashield; Linaris).

Fluorescence images were acquired using a laser scanning
microscope (LSM 510 META; Carl Zeiss). In total, eight mice
spleens were used (four controls: A, B, C, and D; four LPS treated:
E, F, G, and H). From each mouse, three spleen tissue slices and a
minimum of four different positions were imaged using 403/0.8
Zeiss objective, resulting in 61 spleen tissue images from control
mice and 48 spleen tissue images from LPS-treated mice. The
following lasers, beam splitters, and filters were used for fluores-
cence excitation and emission detection: Alexa Fluor 555: HeNe
laser 543 nm, main beam splitter 405/488/543, secondary beam
splitter 490, bandpass 560–615; Alexa Fluor 647: HeNe laser
633nm,mainbeamsplitterUV/488/543/633, noemissionfilter, but
theMETA detector allowing to detect in a narrow emission range.

Statistical data analysis
Preprocessing and statistical analysis of Raman data were carried
out with GNU R (26). The Raman spectra preprocessing in-
volves spectra background correction using the sensitive non-
linear iterative peak (SNIP) clipping algorithm (27) and vector
normalization.

For k-means cluster analysis of T cells, the spectra were
processed to remove cosmic spikes and background corrected
using SNIP clipping algorithm. Raman fingerprint region (600 to
1800 cm21)wasused for analysis, and thenoncellular regionswere
removed by setting spectral intensity threshold for the Raman
bandat 1450cm21, arisingdue toCH2CH3deformationofproteins,
lipids, and carbohydrates. The k-means algorithm was executed to
find fourdifferent clusters of spectra for each timepoint common to
all thecells foragiven timepoint and tendifferent clustersof spectra
common to all the spleen tissue sections recovered from spleen
of sham- and LPS-treated animals. The k-means cluster image has
been plotted using false-color, and the cluster scores contributing
to each cluster have been displayed on the right side of the k-means
cluster image. The color of the k-means cluster spectra corresponds
to the respective color of the cluster shown in the images.

T cell analysis. For analysis of the T lymphocyte splenocytes,
additional preprocessing steps were involved; everymeasurement
provided a Ramanmap containing spectra of the cell area and also
the spectra collected from noncell area. For reliable analysis, the
spectra from thenoncell areahave to be removed.This noncellular
backgroundwas detected by integrating the intensity in the region
1100–1500 cm21 of the background-correctedRaman spectra, and
the noncellular background was removed. The Raman spectra
collected from the cellular regionwere averaged to obtain averaged
Raman spectra per cell. These average spectra were preprocessed;
wavenumber axis was calibrated using 4-acetamidophenol spec-
trum as a standard reference (28), whichwasmeasured every time
prior to data acquisition. Afterwavenumber calibration, the spectra
were baseline corrected using asymmetric least squares smooth-
ing (29), spectral range from 600 to 1800 cm21 was selected, and
spectrawere vector normalized. A classificationmodel using linear
discriminant (LD) analysis (LDA) was built. Separate models were
built for CD4+ T cells and CD8+ T cells to analyze performance of
the individual subpopulations of T cells during the induced endo-
toxin shock.

To avoid model overfitting, a dimensional reduction by
principal component (PC) analysis (PCA) was performed prior
to LDA. Apart from data reduction PCA has other applications
such as outlier detection and selection of important variables
related to sample class differences. PCA uses linear combination
of the variables of the data and explains the variance by forming
PCs. The first few PCs capture the largest variance present
within the data, and the last few PCs capture small variances.
LDA allows data projection into a vector space from where
classification information can be extracted. Further, through
LDA sample features can be extracted by maximizing variance
between the sample class and minimizing variance within the
class using Fisher criterion.
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In the current analysis of the T cells, the first 10 PCs that
allowed covering more than 95% of data variance for Raman
spectra of T cells were used to build the LDA classificationmodel.
Individual classification models between the control and treated
groups were built separately for 1, 4, 10, and 30 d post–LPS insult
time points. To analyze individual subpopulations of T cells during
the induced endotoxin shock, we additionally constructed binary
classification models for CD4+ T cells and for CD8+ T cells. Each
time point includes a minimum of three different biological
replicates. The details of number of biological replicates, mice
per experiment, and number of T cells investigated along with
the total number of Raman spectra recorded have been described
in Supplemental Table IA. To evaluate the performance of clas-
sifications, receiver operating characteristic (ROC) curves were
generated using posterior probabilities predicted by leave-one-
cell-out cross-validation of the PCA-LDA models. Area under
the curve (AUC) was used as the metric to estimate performance
of the classifications. The maximal possible value of AUC is 1 and
represents a perfect classification. In contrast, AUC around 0.5
indicates that the classes cannot be distinguished by the model.

Spleen tissues analysis. The preprocessed Raman spectra of
spleen tissue sectionswere also analyzed usingLDA. Prior to LDA,
PCA was carried out. For the spleen tissue analysis the first seven
PCs were used to build the LDA classification model. Raman
spectral region 600–1800 cm21 has been used for model building.
Spleen tissue analysis was done using three biological replicates
(Supplemental Table IB).

The area covered with B cells and T cells was estimated from
the fluorescence images of spleen tissue sections stained with an
Alexa Fluor 555–labeled Ab binding to T cells and an Alexa Fluor
647–labeledAb directed against B cells using Fiji (30). A threshold
was determined for each channel showing the fluorescence of
T cells but omitting any background fluorescence to generate
binary images. Subsequently, the number offluorescent pixelswas
summed up and related to the total number of image pixels, giving
the percentage of the image covered with the respective cell type
marker.To evaluate changes in theproportionofBcells andTcells
in the investigated mice, the ratio of the areas covered with the
respective fluorescence marker was calculated. The analysis of
the fluorescence images was done for whole tissue images and
only for the Raman-scanned regions.

RESULTS

CD4+ and CD8+ T cell analysis
The T cells samples from endotoxemic mice used in the current
studywere investigated for their functional properties,whichhave
been reported elsewhere (23). In that study it could be shown that
the T cell–mediated immune response and cytokine release were
unaltered during postacute inflammation stages. It was noticed
that the mice suffered from lymphopenia because of systemic
inflammation induced by LPS. Especially the T cell subpopulation
CD4+ decreased compared with the CD8+ cell population upon
LPS stimulation (23, 31). The surviving mice regained their body

weight, albeit not completely, and the clinical severity reduced
after 5 d post–LPS treatment (23). It was observed that 10 d post–
LPS treatment, clinical markers in plasma for tissue damage (32)
such as lactate dehydrogenase, glutamate pyruvate transaminase,
and glutamate oxaloacetate transaminase were absent, indicating
that the mice eventually recovered from the LPS insult.

Raman spectral analysis. To gain insight into the chemical
changes occurring within the splenocytes, CD4+ and CD8+ T cells
were isolated from spleen of sham mice and LPS-treated mice
(Fig. 1). The purity of the CD4+ and CD8+ T cell preparations was
ascertained using flow cytometry analyses and routinely lay in the
range between 85 and 92% (see Supplemental Fig. 2) (23). Isolated
T cells were subjected to Raman spectroscopic imaging 1, 4, 10,
and 30 d post–LPS treatment. Further, by employing k-means
clustering, Raman cluster image of representative cells were
generated tovisualizedominatingspectrapresentwithin the cells.
The k-means cluster algorithm was performed to obtain four
different clusters common to all the cells for individual timepoint.
The k-means cluster image (Fig. 2A) and the cluster spectra (Fig.
2B) mainly show contribution from cell nucleus. False-color
Raman k-means cluster images revealed a round nucleus at all
time points for all treatment conditions (Fig. 2). Thus, morpho-
logical featureswere not considered any further, but one averaged
spectrum per cell was used for subsequent data analysis. Mean
Raman spectra of combinedCD4+CD8+Tcells for all the four time
points after LPS treatment along with the controls are shown in
Fig. 3A. Lymphocytes have a narrow rim of cytoplasm and a large
nucleus (33), as can be visualized fromFig. 2. Indeed, themajority
of spectral contribution comes from the nucleus (20). Mean
Raman spectra of the individual subtypes CD4+ T cells and CD8+

Tcells are shown inFig. 3Band3C, respectively.Differences in the
mean spectraofTcells fromshammice andLPS-insultedmice are
subtle and hard to follow by eye. To visualize the differences,
Raman spectra of T cells belonging to the LPS-treated mice were
subtracted from Raman spectra of T cells belonging to the sham
mice. The difference Raman spectra for CD4+CD8+ T cells, only
for CD4+ T cells, and only for CD8+ T cells subpopulations are
shown inFig. 3D–F, respectively. In the subtractedRaman spectra
subtle differences present between the T cells of control, and the
endotoxemic mice are marked at the corresponding Raman peak
positions. Each of these Raman peaks can be assigned to different
chemical moieties. For example, Raman peaks appearing be-
tween 780–800 cm21 and;1071 cm21 arise due to vibration of the
phosphate backbone of the nucleic acids (20). Raman peaks
around 1640–1686 cm21 and ;1242 cm21 belong to the amide I
and amide III vibrations of proteins (34, 35). The significance of
the particular biomolecules’ contribution can be judged based on
the relative intensity of the corresponding Raman peak.

As a response to T cell stimulation, major transcriptional ac-
tivity beginswithin the nucleus (36), an effect thatmanifests in the
difference Raman spectra of T cells upon LPS stimulation for 4 d.
Accordingly, relatively strong changes are detected in the Raman
band at;795 cm21, arising from the nucleusmoiety (18, 33), which
can be assigned to phosphate backbone vibration (15, 35, 37). At
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FIGURE 2. False-color Raman images of CD4+T cells and CD8+ T cells from control and LPS-treated animals after day 1, 4, 10, and 30 obtained

by k-means cluster analysis.

(A) Representative false-color Raman images of CD4+ T cells and CD8+ T cells from control and LPS-treated animals after day 1, 4, 10, and

30 obtained by applying k-means clustering method. The x-axis and y-axis show step size (0.3 mm) used for Raman imaging. The (Continued)(Continued)
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30 d post-LPS, however, this effect vanishes for CD4+ T cells
(Fig. 3E)Acloser lookat theRamanspectraofCD4+Tcells reveals
changes in theRamanpeak intensity at 789 cm21 being prominent
for day 10 post–LPS stimulation. The variation in the nucleotide
conformation changes observed in the Raman spectral region
600–800 cm21 ismore pronounced in the CD4+ T cells compared
with CD8+ T cells (33). From the difference Raman spectra, the
changes in the nuclear composition of the CD8+ T cells are visible
at 1, 4, 10, and still weakly 30 d after LPS insult. Further, for day 10
post–LPS treatment, the amide I protein vibration within CD4+

T cells and CD8+ T cells are observed at 1650 cm21 (amide I,
b sheet), and for CD8+ T cells, at 4 d post–LPS treatment the
amide I vibration is observed at 1620 cm21 (amide I, a helix). The

shift in the amide I vibrations observed between 4 and 10 d after
LPS treatment is indicative of protein with different structural
arrangements within the activated CD8+ T cells. Other Raman
vibrations differing between the splenocytes from shammice and
LPS-triggered mice are observed around 1071 cm21 (DNA
backbone), 1104 cm21 (glycoproteins), and 1455 cm21 (proteins
and lipids) (17, 37–39).

Raman spectroscopy model for T cells. A unifying Raman model
built for each LPS stimulation time point separately is shown
in Fig. 4A for the CD4+CD8+ T cells. Separate Raman models
built for CD4+ T cells and for CD8+ T cells are shown in Fig. 4B
and 4C, respectively. The data for splenocytes of sham mice and

FIGURE 3. Mean and difference Raman spectra of T cells isolated from spleen of sham mice and endotoxemic mice for time points 1, 4, 10,

and 30 d.

Top row: mean Raman spectra of (A) CD4+CD8+ T cells, (B) CD4+ T cells, and (C) CD8+ T cells isolated from spleen of sham C57BL/6 mice and LPS-

insulted C57BL/6 mice (time point of LPS insult is shown on right axis). Bottom row: difference Raman spectra between (D) CD4+CD8+ T cells,

(E) CD4+ T cells, and (F) CD8+ T cells from sham mice (spectra in black) and LPS-insulted mice (spectra in red). Negative peaks belong to LPS-

treated cells, and positive peaks belong to healthy cells. The spectra are shifted in y-axis for clarity. For each time point, pooled spleen obtained from

9 to 12 mice (both male and female) per condition have been used (see Supplemental Table IA). A minimum of three biological repetition and Raman

spectroscopic investigations were done for each time point (see Supplemental Table IA). T cells were isolated, and CD4+ T cells and CD8+ T cells

were purified using automated negative magnetic-assisted cell sorting using standard isolation kit.

k-means algorithm was executed to find four different clusters of spectra for each time point in the cells recovered from spleen of control and LPS-

treated animals. The four clusters are represented by blue, cyan, green, and red color in the image. Blue cluster represents the narrow cytoplasm

region of the T cell, cyan and green cluster highlight the nucleus, and red cluster is a mixture of the outer parts of the cell and remaining background

contributions. The contribution of each cluster has been represented on right side of individual cells as cluster scores. (B) Corresponding Raman

spectra of the four clusters obtained from k-means analysis using the same color code as in (A).

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

ImmunoHorizons RAMAN SPECTROSCOPY FOLLOWS T CELL CHANGES IN ENDOTOXEMIA 51

 by guest on January 3, 2020
http://w

w
w

.im
m

unohorizons.org/
D

ow
nloaded from

 

http://www.immunohorizons.org/lookup/suppl/doi:10.4049/immunohorizons.1800059/-/DCSupplemental
http://www.immunohorizons.org/lookup/suppl/doi:10.4049/immunohorizons.1800059/-/DCSupplemental
https://doi.org/10.4049/immunohorizons.1800059
http://www.immunohorizons.org/


LPS-treatedmice are shown as bar plot diagram. As seen fromFig.
4A, T cells fromLPS-treated mice are distinct from the controls 1,
4, and 10 d after the insult, whereas no separation is observed for
30dpost-LPS.When theRamanmodel is built separately forCD4+

(Fig. 4B) andCD8+ T cells (Fig. 4C), more subtle differences show
up. For the CD4+ T cells, differences are apparent for 1 d, reach a
maximum for 4 d, and are still detectable 10 d post-LPS. However,
in CD4+ T cells from 30 d post-LPS, the difference between
control and LPS groups are largely lost. In the case of CD8+T cells,
differences between groups start to appear on 1 d post-LPS, the
differences are highest 4 d post–LPS treatment and are much
lower at 10 d after LPS treatment, and the effect is not detectable
at 30 d post-LPS.

The separation discussed above between cells from control
mice andLPS-treatedmice canbe further visualized fromtheROC
curve (Fig. 4D, 4E) and AUC given in Table I. The AUC for CD4+

and CD8+ T cells when analyzed together is higher for day 10
post-LPS, pointing to the presence of high biochemical difference
between the control cells and cells from endotoxemia. There is
also fair separation for 4 d post-LPS with AUC of 0.66 (Table I),
whereas the samples from 30 d post-LPS show hardly any
difference. ROC curve analysis of the CD4+ T lymphocyte
population shows higher discrimination of cells from treated and
untreatedmice at the earlier analyzed three time points post-LPS
treatment (1, 4, and 10d). For theCD8+T lymphocyte populations,
ROC curve test shows similar results. The immunological readouts
for day 10 post–LPS treatment published previously (23) showed
only differences in number and ratios of T cell populations but no
functional differences to be present. However, Raman spectros-
copy is based on single-cell analysis and is capable of capturing

minute differences present between control and activated T cells.
This is the probable explanation for the highest AUCs for CD4+

T cells andCD8+T cells after 10 d of LPS treatment. ThePCA-LDA
can be summarized as following: when individual T cell subpop-
ulations are analyzed, the cellular difference starts to appear
1 d after LPS treatment and continues up to 10 d. For the mice that
survived for 30 d, the chemical differences in the lymphocyte
subpopulations between LPS-treated mice and the controls are
very small. By analyzing both CD4+ T cells and CD8+ T cells
together as one cell population (T lymphocytes), the cellular
difference for 1 d after LPS treatment starts to appear already as
concluded above and can be interpreted from the Raman differ-
ence spectra shown in Fig. 3D and 3E. However, the difference
between T cells from control and LPS-treated mice for other time
points is not so pronounced when both cell populations are
analyzed together in comparisonwithwhenCD4+Tcells andCD8+

T cells populations are analyzed separately. This effect is probably
due to the small differences present within individual cell
populations that are averaged out when both subpopulations are
analyzed together.

Spleen tissue analysis
Raman spectroscopy. To explore further the potential of Raman
spectroscopy for direct analysis of tissue samples and to obtain
inflammation relevant information, spleen tissue sectionsobtained
from control mice and LPS-treated mice 1 d post–LPS treatment
were investigated. The mean Raman spectra of the spleen tissue
from sham mice and LPS-treated mice (Fig. 5A) show typical
Raman spectral profiles of a tissue as reported in the literature
(34, 40, 41). All spectra showRaman vibrational bands attributable

FIGURE 4. PCA-LDA of Raman spectra of T cells isolated from spleen of sham mice and endotoxemic mice for time points 1, 4, 10 and 30 d.

Top row: Raman model using PCA-LDA for (A) CD4+CD8+ T cells, (B) CD4+ T cells, and (C) CD8+ T cells isolated from spleen of sham C57BL/6 mice

and LPS-insulted C57BL/6 mice (time point of LPS insult is shown on x-axis). In the bar plots, the bar represents mean along with the SE; black and

red bars represent respective control and LPS group. Bottom row: ROC curve for (D) CD4+CD8+ T cells, (E) CD4+ T cells, and (F) CD8+ T cells from

sham mice and LPS-insulted mice. For each time point, pooled spleen obtained from 9 to 12 mice (both male and female) per condition has been

used (see Supplemental Table IB). At least three biological repetition and Raman spectroscopic investigations were done for each time point (see

Supplemental Table IB). T cells were isolated, and CD4+ T cells and CD8+ T cells were purified using automated negative magnetic-assisted cell

sorting using standard isolation kit.
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to nucleic acid, protein, tissue resident erythrocyte–related he-
moglobin (Hb), and lipids. The difference spectrum shown in
Fig.5Arevealsfine changes between spleen tissue of treated and
untreated mice. Differences are mainly from Raman vibrations
of lipids, proteins, nucleic acids, and Hb or hememoieties. The
respective Raman peak positions being 757 cm21 (Hb), 785 cm21

(DNA), 998cm21 (proteins), 1127cm21 (lipids), 1177cm21 (proteins),
1220cm21 (proteins), 1349cm21 (Hb), 1558cm21 (Hb), and1590cm21

(nucleic acids) (42, 43). A classification model using PCA-LDA was
built in anattempt todistinguish treated andnontreatedmice groups
and extract the chemical differences present between the two
groups. An independent set of spectra was used for prediction of
the treatment group. The score plot of PCA-LDA shown as
histogramplot inFig. 5B indicates thepossibility to separate tissue
sections from the control mice from those tissue sections origi-
nating from LPS-treated mice with an accuracy of 68%. This
marks a similar accuracy when compared with the splenocytes
differentiationmodel of joint CD4+CD8+ cells at day 1 (Table I). In
the LDhistogramplot (Fig. 5B), Raman spectra fromcontrolmice

are found at positive LD score values, whereas LPS-treated tissue
spectra are assigned to negative LD score values. The respective
LD coefficient (Fig. 5A) reveals the spectral differences used by
the PCA-LDA model for the differentiation of spleen tissue of
treated and nontreatedmice. Correlation of score values with the
LD coefficient supports a relative higher abundance of structur-
ally oriented proteins with b-sheet structure from the amide I
band around 1666 cm21 and amide III vibrational band around
1241 cm21 as well as higher cellular DNA content (1489 and
788cm21, 730and1328cm21) in thecontrolmice tissue. Incontrast,
in samples from LPS-treated mice, the amide I peak shifts toward
lower wavenumber (1642 cm21), indicative of modified protein
structure having more a-helix structure. Higher nucleic acids
content in samples from LPS-treated mice can be concluded from
the appearance of a negative LD coefficient around 1590 cm21

(Fig. 5A). Additional Raman vibrations arising due to lipids
(1127 cm21) andheme/cytochrome-cmoiety (1169 and 1546 cm21)
show up in the LD coefficient (Fig. 5A) (38, 44–46). The contri-
bution from nucleic acid and Hb can be further visualized from

TABLE I. The AUC of the ROC for respective time points

Post–LPS Insult Time Points (d) Symbol Used for Illustration in Fig. 4

Area under the ROC Curve

CD4+CD8+ T Cells CD4+ T Cells CD8+ T Cells

1 * 01 0.59 0.79 0.66
4 D 04 0.66 0.72 0.73
10 C10 0.83 0.80 0.78
30 n 30 0.53 0.34 0.38

FIGURE 5. Mean and difference Raman spectra of spleen tissue from endotoxemic mice and sham mice and PCA-LDA.

(A) Mean Raman spectra of spleen tissue of sham C57BL/6 mice and C57BL/6 mice 1 d post–LPS treatment, difference spectrum between control

and LPS-treated mice spleen tissue (label on right y-axis), and loading of PCA-LDA model for spleen tissue section differentiation of control and

LPS-treated mice (label on right y-axis). (B) PCA-LDA histogram plot. The biological experiments were repeated four times; in each repetition one

mouse per condition was used (in total four mice per condition; both female and male mice were used) (see Supplemental Table IB). Raman

spectroscopic investigation was performed on three different days. Three tissue slices were investigated per spleen. Analysis has been done on

pooled samples.
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k-means cluster spectra shown in Fig. 6B. The k-means cluster
algorithmwas performed to obtain ten different clusters common
to all the tissue sections. The k-means cluster image (Fig. 6A) and
the cluster spectra (Fig. 6B) mainly show contribution from cell
nucleus, Hb, and proteins.

To visualize the major splenocyte distribution and their influ-
enceon the classificationof the treatedandnontreatedmice, tissue
sectionswere stainedwithfluorescently labeledAbs forTcells and
Bcells afterRaman imaging. InFig. 7,fluorescence andbright-field
images of spleen tissue sections are shown for a shammouse (Fig.
7A, 7B) and for an LPS-treatedmouse (Fig. 7C, 7D). Correlation of

the Raman-mapped area with the corresponding fluorescence
image was enabled by a laser-induced cross-mark on the samples
with high laser power as used in previous tissue analysis (47).
Judged by the fluorescence images, no tissue damage was intro-
duced by Raman imaging. The ratios of T cells to B cells for all
the mice together were calculated 1) for only Raman-mapped
regions (Fig. 8A, 8B) and 2) for entire fluorescence images (Fig.
8C, 8D). Relative percentages of T cells to B cells for the sham
mouse and LPS-treated mouse are displayed in the form of a pie
chart. The ratio of T cells to B cells for individual mice where
calculated and are displayed as a bar graph inFig. 8E and8F. From

FIGURE 6. False-color Raman images of spleen tissue sections from control and LPS-treated animals obtained by k-means cluster analysis.

(A) Representative Raman false-color images of spleen tissue sections from control mice (four animals, mouse A, B, C, and D) and LPS-treated mice

(four animals, mouse E, F, G, and H) obtained by k-means cluster analysis. The x-axis and y-axis show step size (3 mm) used for Raman imaging. The

spectra were processed to remove cosmic spikes and background corrected using SNIP algorithm. Raman fingerprint region (600 cm-1 to 1800 cm-1)

has been used for analysis. The k-means algorithm was executed to find ten different clusters of spectra from control and LPS-treated animals.

The contribution of each cluster as cluster scores has been represented on right side of the individual tissue sections as cluster scores. (B)

Corresponding Raman spectra of the clusters obtained from k-means analysis using the same color code as in (A). Spectra of clusters 1, 4, 5, 8, 9,

and 10 are shown, whereas k-means cluster spectra 2, 3, 6, and 7 are omitted, as they correspond to individual image pixels with high fluorescence

background that were registered on the spectrometer detector.
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Fig. 8 it canbevisualized thathighernumbers ofTcells are present
in the spleen of control mice, probably reflecting the previously
reported acute loss of T cells in endotoxemia (1, 23, 31).

The relative ratio of T cells and B cells only for the tissue
section regions where Raman mapping was carried out, the T cell
number is reduced, and more B cells were observed in the LPS-
treated mice as shown by the pie chart in Fig. 8B. The uneven
distribution of T cells and B cells in the Raman-mapped regions
might have an influence on the PCA-LDA model.

To inspect if the ratio of T cells and B cells influence the PCA-
LDA model, Raman spectral features of T cells and B cells were
extracted fromtheRaman-imagedarea (guidedby thefluorescence
images) for control mice (Supplemental Fig. 3A, 3C) and LPS-
treated mice (Supplemental Fig. 3B, 3D). Mean Raman spectra of
T cells and B cells for a control and LPS-treated mice are shown
in Supplemental Fig. 3E. Raman spectral profile of T cells from
control mice spleen is different from the one of LPS-treated mice,
whereas spectral variations are hardly observed for B cells in the
spleen between control and LPS-treated mice, as observed in the

Ramandifferencespectra (SupplementalFig. 3F).Further,pairwise
PCA-LDAwas carried out between control mouse (named A, B, C,
D) and LPS-treated mouse (named E, F, G, H), and the table of
accuracy is shown in Table II. Irrespective of the heterogeneity in
the T cell and B cell numbers, control mice could be differentiated
from the LPS-treated mice with high accuracy. The accuracy
between LPS-treatedmouse F and control mice B and C reduces
slightly (;68% accuracy); possibly the control mice are more ill,
or vice-versa the LPS-treatedmouse is still doing better than the
other subjects from the treated group. These results indicate that
the differences observed between control mice spleen and spleen
fromLPS-treatedmice arise mainly because of T cells, with some
contribution from the other players present in the spleen tissue.

DISCUSSION

This study demonstrates the suitability of Raman spectroscopy
to follow changes associated to systemic inflammation within
splenocytes.

FIGURE 7. Fluorescence-stained images and respective bright-field images of mouse spleen tissue sections area investigated using Raman

spectroscopy.

(A) Fluorescence-stained images (A and C) and bright-field images (B and D) of C57BL/6 mouse spleen cryosections of (A and B) sham mice treated

with 0.9% saline water (C and D) 1 d post–LPS treatment. T cells were labeled with rat anti-CD3 Abs and detected using donkey anti-rat Alexa Fluor

555 (red color). B cells were labeled with donkey anti-mouse IgG Alexa Fluor 647 (green color). Images were collected using original magnification

340 objective. Scale bar, 40 mm. The white squares represent regions scanned using Raman spectroscopy. The arrows indicate position of laser-

induced mark on tissue section for correlation of the Raman-scanned region before and after fluorescence staining. Representative images from

two sham mice and two LPS-treated mice from two separate biological experiments are shown.
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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.
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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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