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Abstract: The paper presents the effect of COVID-19 mRNA (Pfizer/BioNTech) vaccine on
human lung carcinoma epithelial cells (A549) studied by means of Raman spectroscopy and imag-
ing. The paper will also focus on Raman imaging as a tool to explore apoptosis and oxidative phos-
phorylation in mitochondrial dysfunctions. The presented Raman results show alterations in the
reduction-oxidation pathways associated with cytochrome c. We found that the COVID-19 mRNA
vaccine modulates the concentration of cytochrome c upon incubation with tumorous lung cells.
Concentration of oxidized form of cytochrome c in mitochondria of lung cells has been shown to
decrease upon incubation the mRNA vaccine. Lower concentration of oxidized cytochrome c in mi-
tochondria indicates lower effectiveness of oxidative phosphorylation (respiration), reduced apop-
tosis and lessened ATP production. Moreover, mRNA vaccine increases significantly de novo lipids
synthesis in lipid droplets and alterations in biochemical composition that suggest the increasing
role of signaling. mRNA vaccine does not produce statistically significant changes in cell nucleus.
The observed alterations in biochemical profiles upon incubation with mRNA vaccine in the specific
organelles of the tumorous lung cells are similar to those we observe for other types of cancer, par-
ticularly brain glial cells.

Keywords: COVID-19 mRNA vaccines; SARS-Cov-2; cell lines of lung carcinoma; human lung can-
cer; Raman imaging; Raman spectroscopy, cytochrome ¢, mitochondrial dysfunction, apoptosis, ox-
idative phosphorylation

1. Introduction

The pandemic outbreak in 2019 generating acute respiratory syndrome caused
296 496 809 confirmed cases of COVID-19, including 5 462 631 deaths, reported to WHO
[1]. In response to the urgent need for a vaccine, pharmaceutical companies including
Pfizer/BioNTech in 2020 proposed vaccines based on mRNA technology. The Pfizer/Bi-
oNTech vaccine (BNT162b2) is more than 90% effective against COVID-19 [2].

As of 7 January 2022, a total of 9.36 billion doses have been administered across 184
countries vaccine doses have been administered [3].

In order to enter the host cells, the virus uses the S surface protein, the so-called spike
protein (spike S protein). Vaccines based on mRNA technology are designed to produce
antibodies to the spike proteins. These proteins are designed to trigger the production of
antibodies, which are then transferred to the host's immune system.

The pandemics has witnessed an explosion in research examining the interplay be-
tween the immune response and the intracellular metabolic pathways that mediate it. Re-
search in the field of immunometabolism has revealed that similar mechanisms regulate
the host response to infection, autoimmunity, and cancer. The new tools by Raman imag-
ing we present in this paper raise exciting possibilities for new ways to understand path-
ways of our immune responses, recognize metabolites that regulates these pathways and
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suggest how we might use them to optimize vaccinations to stimulate the conditions of
adaptive immune system.

We will show that the key molecule in immunometabolism is cytochrome c. Cyto-
chrome cis a key protein that is needed to maintain life (respiration) and cell death (apop-
tosis). Life and death decisions are made not by cytochrome c itself but rather by whatever
causes its release from the mitochondria.

The down-regulation of cytochrome c responses in mitochondria after an incubation
with mRNA vaccine has been presented. Dysregulation of apoptosis and oxidative phos-
phorylation in cells of the immune system can have severe consequences, which may re-
sult in diseases, including cancer and autoimmunity. This paper summarizes our current
understanding of the role of cytochrome c in cancer and immune responses and aims to
point out future directions of research.

In the paper, we present effect of COVID-19 mRNA (Pfizer/BioNTech) on the human
carcinoma lung epithelial cells by using a novel non-invasive tool such as Raman imaging.
Here we demonstrate that Raman imaging reveal new expanses on the role of basic mech-
anisms of cancer pathology and effect of mRNA vaccines. This approach can monitor in-
teractions in tumor microenvironment and mechanisms related to immune response.

Raman spectroscopy and imaging enable quantitative and non-invasive monitoring
of intracellular changes without the need of using external markers. Traditional methods
of molecular biology require the destruction of cell membranes and the isolation of intra-
cellular components to study the biochemical changes inside cells. In Raman imaging, we
do not need to destroy cells to learn about biochemical composition of intracellular struc-
tures (cell organelles). Tracking alterations in biochemical composition in separate orga-
nelles is extremely valuable in establishing molecular mechanism of cancer development
and mechanisms of infections. Until now, no technology has proven effective for detecting
concentration of specific compounds in separate cell organelles of living cells. Therefore,
existing analytical technologies cannot detect the full extent of biolocalization inside and
outside specific organelles.

We will concentrate on human cancer lung cells upon incubation with mRNA vac-
cine. The reason is that cancer diseases are the most serious cause of death, exceeding
heart disease, strokes, pneumonia and COVID-19. Although at the moment there is no
vaccine against most cancers, rapid development of mRNA vaccines may help in devel-
opment anticancer vaccines.

The announcement of effective and safe vaccines for COVID-19 has been greeted
with enthusiasm. The vaccines currently used in the global vaccination campaign (9.36
billion doses have been administered across 184 countries, according to data collected [3].

While COVID-19 vaccines bring potential hope for a return to some kind of normal-
ity, many of the fundamental mechanisms by which mRNA vaccines induce strong re-
sponses are still incompletely understood and should be continued [2]. The mRNA vac-
cine encoding the COVID-19 spike (S) protein encapsulated in lipid nanoparticles gain
entry into dendritic cells (DCs) at the injection site or within lymph nodes, resulting in
production of high levels of S protein.

Nevertheless, there is still much to learn, particularly for patients suffering from can-
cer. It is not clear which cell specific activation contributes the most to vaccine efficacy and
what activation may inhibit the generation of adaptive immunity or lead to poor tolera-
bility of the vaccine [4]. There are controversies on harmful effects from spike S protein
produced by COVID-19 vaccination and long-term effects. Researchers have warned that
COVID-19 mRNA (Pfizer/BioNTech) vaccine induces complex reprogramming of innate
immune responses that should be considered in the development and use of mRNA-based
vaccines [5]. There are also controversies on biodistribution of mRNA vaccines. It has been
reported [6] that intramuscular vaccines (Pfizer/BioNTech) in macaques (a type of mon-
key) remain near the site of injection (the arm muscle) and local lymph nodes. The lym-
phatic system also remove waste materials. Similar results were obtained for a mRNA
vaccine against HION8 and H7N9 influenza viruses in mice [6]. However, recent results
on interactions between the immune system and the viral proteins that induce immunity
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101 against COVID-19 suggest that the mechanisms may be more complex than previously
102 thought [7]. Evidence has been found that spike S protein of COVID-19 has remain not
103 only near the site of injection, but also circulate in the blood. COVID-19 proteins were
104 measured in longitudinal plasma samples collected from 13 participants who received
105 two doses of mRNA-1273 vaccine. 11 of 13 participants showed detectable levels of
106 COVID-19 protein as early as day one upon first vaccine injection. Clearance of detectable
107 COVID-19 protein is correlated with production of IgG and IgA [8].

108 In the view of the recent results it is important to monitor biodistribution and location
109 of spike S protein from mRNA vaccines and study the effects of the COVID-19 spike S
110 protein on human host cells in vitro and appropriate experimental animal models.

111 Visualization of alterations in single cells upon delivery of mRNA vaccines would
112 help evaluate the efficacy of candidate formulations and aid their rational design for pre-
113 clinical and translational studies. Here, we show that Raman imaging allows for quanti-
114 tative, and non-invasive monitoring response to mRNA vaccine in specific organelles
115 without any labeling.

116 In this paper we will study the effect for possible consequences of COVID-19 mRNA
117 vaccine (Pfizer/BioNTech BNT162b2) on the human respiratory system. We have studied
118 in detail the biochemical alterations in specific organelles of human lung epithelial cancer
119 cells. Thus, we can compare the effect of mRNA on cancer lung cells with the effect of
120 cancer itself. As far as we know the mRNA Pfizer vaccine has not been tested for patients
121 suffering of cancer. Therefore, this contribution will help monitoring responses in host
122 lung cells similar to a viral infection, because the incubation with COVID-19 mRNA vac-
123 cine mimics COVID-19 infection, but instead of the whole virus, only one key protein S
124 for the immune response is synthesized, without causing COVID-19.

125 We will study human lung cancer cells in vitro (A549) by Raman imaging. We will
126 monitor the effect of the mRNA vaccine on biodistribution of different chemical compo-
127 nents, particularly cytochrome c, in the specific organelles of a cell: nucleus, mitochondria,
128 lipid droplets, cytoplasm and membrane.

129 In the presented study we will identify dynamics and biochemical composition of the
130 organelles through characteristic Raman spectra upon injection of COVID-19 mRNA vac-
131 cine and incubation with the vaccine in vitro cells. We will show also that Raman spec-
132 troscopy and Raman imaging are competitive clinical diagnostics tools for cancer diseases
133 linked to mitochondrial dysfunction and are a prerequisite for successful pharmacother-
134 apy of cancer.

135 In this paper we explore alterations in reduction-oxidation pathways related to Cyt c
136 in human cancer lung cells upon incubation in vitro with COVID-19 mRNA vaccine
137 (Pfizer/BioNTech BNT162b2).

138 2. Materials and Methods

139 2.1. Reagents

140 Cytochrome c (C 2506) was purchased from Sigma Aldrich (Poland).

141 2.2 In vitro cells culturing and incubation with vaccine

142 Cell culture and preparation for Raman imaging

143 The studies were performed on a human lung carcinoma cell line A549 (ATCC CCL-
144 185) purchased from American Type Culture Collection (ATCC). The A549 cells were
145 maintained in F-12K medium (ATCC 30-2004) supplemented with 10% fetal bovine serum
146 (ATCC 30-2020) without antibiotics in a humidified incubator at 37°C and 5% CO:2 atmos-
147 phere. For Raman imaging cells were seeded on CaF: window (Crystran Ltd, CaF2 Raman
148 grade optically polished window 25mm dia x Imm thick, no. CAFP25-1R) in 35 mm Petri
149 dish at a density of 5x10* cells per Petri dish. On the following day culture medium was
150 replaced with culture medium supplemented with 1 or 60 uL. COVID-19 mRNA vaccine
151 Pfizer/BioNTech per 1 mL of medium. Cells were incubated with the vaccine for 1, 24, 72,

152 and 96 hours. Before Raman examination, the growing medium was removed and the
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153 cells were fixed with 10% formalin for 10 minutes and kept in phosphate-buffered saline
154 (PBS, Gibco no. 10010023) during the experiment.
155 2.3. Raman imaging and spectroscopy
156 Raman spectroscopy is an analytical technique where inelastic scattered light is used
157 to obtain the information about the vibrational energy of analyzed samples. In the vast
158 majority of scattering events, the energy of the molecule is unchanged after its interaction
159 with the photon; and therefore the wavelength, of the scattered photon is equal to that of
160 the incident photon. This is called elastic (energy of scattering particle is preserved) or
161 Rayleigh scattering and is the dominant process during interaction of photon with the
162 molecule. In a much rarer event (approximately 1 in 10 million photons) Raman scattering
163 occurs, which is an inelastic scattering process with a transfer of energy between the mol-
164 ecule and scattered photon. If the molecule gains energy from the photon during the scat-
165 tering (excited to a higher vibrational level) then the scattered photon loses energy and its
166 wavelength increases which is called Stokes Raman scattering. Inversely, if the molecule
167 loses energy by relaxing to a lower vibrational level the scattered photon gains the corre-
168 sponding energy and its wavelength decreases; which is called Anti-Stokes Raman scat-
169 tering. Quantum-mechanically, Stokes and Anti-Stokes are equally probable processes.
170 However, with an ensemble of molecules, the majority of molecules will be in the ground
171 vibrational level (Boltzmann distribution) and Stokes scattering is statistically more prob-
172 able process. In consequence, the Stokes Raman scattering is always more intense than the
173 Anti-Stokes component and for this reason, it is nearly always the Stokes Raman scatter-
174 ing that is measured by Raman spectroscopy. Scheme 1 presents illustration of Rayleigh,
175 Stokes and Anti-Stokes Raman Scattering.
176
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177
178 Scheme 1. Schematic presentation of scattering phenomena.
179
180 Raman imaging is a technique based on Raman scattering allowing not only a single
181 spectrum acquisition characteristic for a single point of the sample but also the analysis of
182 vibrational spectra of any sample area. The imaging mode allows the analysis of distribu-
183 tion of different chemical molecules inside the sample. Using algorithms such as Cluster
184 Analysis (see section 2.4) based on 2D data obtained by using Raman imaging make pos-
185 sible to create Raman maps to visualize cell’s substructures: nucleus, mitochondria, lipid
186 structures, cytoplasm, cell membrane and learn about their biocomposition.

187
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189 Scheme 2. Schematic comparison of modes of data acquisition: Raman single spectra and
190 Raman imaging of single cell (A549)
191
192 Raman spectra and images were recorded using a confocal Raman microscope
193 (WITec (alpha 300 RSA+), Ulm, Germany) in the Laboratory of Laser Molecular Spectros-
194 copy, Lodz University of Technology, Poland. The Raman microscope consists of an
195 Olympus microscope (Olympus Diisseldorf, Germany), a UHTS (Ultra-High-Throughput
196 Screening) monochromator (WITec, Ulm, Germany) and a thermoelectrically cooled CCD
197 camera ANDOR Newton DU970N-UVB-353 (EMCCD (Electron Multiplying Charge Cou-
198 pled Device, Andor Technology, Belfast, Northern Ireland) chip with 1600 x 200 pixel for-
199 mat, 16 pm dimension each) at —60-C with full vertical binning. A 40x water immersion
200 objective (Zeiss, W Plan-Apochromat 40x/1.0 DIC M27 (FWD = 2.5 mm), VIS-IR) was used
201 for cell lines measurements. The excitation laser at 532 nm was focused on the sample to
202 the laser spot of 1 um and was coupled to the microscope via an optical fiber with a di-
203 ameter of 50 um. The average laser excitation power was 10 mW, and the collection time
204 was 0.5 and 1 s for Raman images. Raman images were recorded with a spatial resolution
205 of 1 x 1 um. The Raman spectrometer was calibrated every day prior to the measurements
206 using a silica plate with a maximum peak at 520.7 cm-.
207 2.4. Data processing
208 Data acquisition and processing were performed using WITec Project Plus software.
209 The background subtraction and the normalization (model: divided by norm (divide the
210 spectrum by the dataset norm)) were performed by using Origin software. The normali-
211 zation model: divided by norm was performed according to the formula:
212 V'i=——
(RA
213 IV i= [vi+v:+- v}
214 where:
215 vy, is the nth V values.
216
217 The normalization was performed for low (370-1770 cm) and high (2700-3100 cm™)

218 frequency spectral regions separately.
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219 2.5. Cluster analysis
220 Spectroscopic data were analyzed using Cluster Analysis method. Briefly, Cluster
221 Analysis is a form of exploratory data analysis in which observations are divided into
222 different groups that have some common characteristics — vibrational features in our case.
223 Cluster Analysis constructs groups (or classes or clusters) based on the principle that
224 within a group of observations (the Raman spectra) must be as similar as possible, while
225 the observations (the Raman spectra) belonging to different groups must be different.
226 The partition of n observations (x) into k (k<n) clusters S should be done to minimize
227 the variance (Var) according to the formula:
k k

argminsz Z lxu I7= argminSZISiI Vars;
228 i=1 x€eSi i=1
229 where
230 Y; is the mean of points S;.
231 The Raman maps presented in the manuscript were constructed based on the princi-
232 ples of Cluster Analysis described above. The number of clusters was 7 (the number of
233 clusters characterized by different average Raman spectra), which describe the inhomo-
234 geneous distribution of chemical components within the cell).
235 3. Results
236 To learn about alterations in biochemical composition in cell organelles by methods
237 of conventional molecular biology one have to disrupt a cell to break it to open and release
238 the cellular components in specific organelles. Using Raman imaging we do not need to
239 disrupt cells to learn about the localization, distribution and biochemical composition of
240 specific compounds in different organelles.
241 To properly address alterations in single lung cells upon incubation with COVID-19
242 mRNA vaccine, we systematically investigated how Raman spectroscopy and Raman im-
243 aging monitor responses to the vaccine in specific organelles.
244 Figure. 1 shows the Raman image of a single cell of highly aggressive lung cancer
245 incubated with mRNA-based Pfizer/BioNTech vaccine (dose 60 pL) for 96 hours and cor-
246 responding Raman imagines of specific organelles. The Raman images were created by K-
247 means cluster analysis using 7 clusters. The blue color represents lipids in lipid droplets
248 and rough endoplasmic reticulum, the orange color represents lipid droplets (filled with
249 triacylglycerols of monounsaturated type (TAG)), magenta color represents mitochon-
250 dria, red color represents nucleus, green — cytoplasm, and light grey — membrane (the dark

251 grey color corresponds to cell environment).
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Figure 1. Microscopy image (A), Raman image of human lung carcinoma (A549) cell (25x40 um, resolution 1.0 pm) incu-

bated with COVID-19 mRNA vaccine (dose 60 uL) for 96 hours (B) and Raman imagines of specific organelles: nucleus

(red), lipid droplets (orange), rough endoplasmic reticulum (RER, blue), mitochondria (magenta), cytoplasm (green) and

membrane (light grey) (C) with corresponding Raman spectra (D) at 532 nm.

To properly address alterations in human lung cancer cells upon incubation with
COVID-19 vaccine (Pfizer/BioNTech) we systematically investigated how the Raman im-
aging and spectroscopy monitor response of cells incubated with mRNA and control cells
without mRNA incubation.
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Figure 2. The effect of the COVID-19 mRNA vaccine on mitochondria in human lung carcinoma (A549) cell upon incuba-
tion for 1, 24, 72 and 96 hours for 1 pL. and 60 pL doses at 1584, 1444 and 1654 cm™ (number of cells: 3, number of Raman
spectra for each single cell: minimum 1600, excitation wavelength: 532 nm, laser power: 10 mW, integration time: 1.0 sec).
The one-way ANOVA using the Tukey test was used to calculate the value significance, asterisk * denotes that the differ-
ences are statistically significant, p-value < 0.05.

Detailed inspection into Fig. 2 demonstrates that the most significant changes occur
at 750 cm™ and 1584 cm corresponding to cytochrome c [9] and at 1444 cm! correspond-
ing to saturated C-H vibrations of lipids [10]. Let us first concentrate on cytochrome c.

Briefly, cytochromes are classified on the basis of their lowest electronic energy ab-
sorption band in their reduced state. Therefore, we can distinguish cytochrome P450 (450
nm), cytochrome c (550 nm), cytochromes b (=565 nm), cytochromes a (605 nm). Due to
the optical properties the laser excitation with the wavelength at 532 nm, whose energy is
in coincidence with the electron absorption of the Q band, leads to greatly enhanced in-
tensity of the Raman scattering (called Resonance Raman effect), which facilitates the
study of cytochrome c present at low concentrations under physiological conditions of
humans. The cytochrome c is localized in mitochondrium at the internal mitochondrial
membranes between the complex known as complex III (sometimes called also Coenzyme
Q - Cyt Creductase or cytochrome bcl complex) and the complex IV and play a key role
in the electron transport chain of the oxidative phosphorylation (respiration) process. The
oxidized cytochrome c (cyt c Fe¥) is reduced to cytochrome c (cyt c Fe?") by the electron
obtained from the complex III. The reduced cytochrome c passes an electron to the copper
binuclear center of the complex IV, being oxidized back to cytochrome c (cyt ¢ Fe?*). Com-
plex IV, which contains two cytochromes a and a3 and two copper centers, is the final
enzyme of the electron transport system. Therefore, under normal conditions cytochrome
¢ in mitochondrium exists in the oxidized form. Under pathological conditions metabolic
processes in mitochondrium results in down-regulation of the transfer between cyto-
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310 chrome c and the complex IV leading to increase of the reduced form of cytochrome. Ra-
311 man signals of the reduced form are significantly higher than those of the oxidized form
312 of cytochrome c [11]. Therefore, Raman spectra are excellent markers of redox status of
313 cytochrome c.

314 The peak at 1584 cm in Fig. 2 represents the “redox state Raman marker” of cyto-
315 chrome c. Recently we demonstrated that this Raman vibration can serve as a sensitive
316 indicator of oxidized and reduced forms of cytochrome c [9]. It indicates that the Raman
317 peak at 1584 cm can be used as a marker to explore apoptosis and oxidative phosphory-
318 lation in mitochondria [16,18]. This band reflects the dual face of cytochrome c in life and
319 death decisions: apoptosis and oxidative phosphorylation. The balance between cancer
320 cells proliferation (oxidative phosphorylation) and death (apoptosis) decide about level
321 of cancer development [12,13]. The Raman signal of a single cell at 1584 cm™ depends on
322 cytochrome c concentration (which also depends on number of mitochondria in a cell),
323 and the redox state (oxidized or reduced forms). The Raman intensity of the oxidized form
324 is much smaller than that of the reduced form [11,12,14,15].

325 Inside a normal mitochondrium cytochrome c exists in the oxidized form. Dysfunc-
326 tion of mitochondrium associated with several malignancies, including cancer or virus
327 infections blocks the transfer of electrons between complexes III and IV of the respiratory
328 chain, resulting in reducing the efficiency of the oxidative phosphorylation (respiration)
329 process and lower ATP synthesis. This results in change of the redox status of cytochrome
330 ¢ to reduced form (cyt c Fe?*) [11]. Cytochrome c acts not only as mitochondrial redox
331 carrier that transfers electrons between the membrane-embedded complexes III and 1V,
332 but also serves as a cytoplasmic apoptosis-triggering agent, activating the caspase cas-
333 cade, when cytochrome c is released from the intermembrane space of mitochondrium.
334 The released from mitochondrium cytochrome c interacts with apoptosis-protease acti-
335 vating factor 1 (Apaf-1) to trigger the caspase cascade in the cell and elicts an inflamma-
336 tory response in the immune system. Activated caspases ultimately lead to apoptotic cell
337 dismantling. Therefore, cytochrome c plays the role of a universal damage-associated mo-
338 lecular patterns (DAMPs) able of alarming the immune system for danger in any type of
339 cell or tissue. DAMPs that are released from damaged or dying cells and activate the in-
340 nate immune system by interacting with pattern recognition receptors (PRRs). Although
341 DAMPs contribute to the host's defense, they also promote pathological inflammatory re-
342 sponses. Induction of cell death by apoptosis is indispensable for the normal functioning
343 of the immune system [16] as well as in natural mechanisms protecting against cancer.
344 When less cytochrome c is released as DAMP from damaged or dying cells the innate
345 immune system is not activated to the sufficient level by interacting with pattern recogni-
346 tion receptors (PRRs).

347 The similar mechanism may play a key role in adaptive immune system, because it
348 is reported that cytokines play an important role in adaptive immunity [17,18]. Depending
349 on the cytokines they synthesize and secrete, CD4* helper T cells (Th) can be divided into
350 two subgroups, type I helper T lymphocytes (Thl) and type II helper T cells (Th2) [17].
351 We provided evidence that the balance between apoptosis and the oxidative phos-
352 phorylation is regulated by cardiolipin [11]. Cardiolipin-bound Cyt ¢, probably does not
353 participate in electron shuttling of the respiratory chain [19] leading to production of re-
354 duced form of cytochrome c resulting in lower efficiency of respiration (oxidative phos-
355 phorylation) and lessened ATP production. The reduced form of cytochrome bound to
356 cardiolipine cannot induce caspase and apoptosis process [11,19].

357 The intensity of the Raman signal at 1584 cm™ corresponding to the concentration of
358 cytochrome ¢ in mitochondria depends on three factors: 1) redox status (oxidized or re-
359 duced form of cytochrome ¢, 2) number of cytochrome ¢ molecules in mitochondria that
360 depends on the number of mitochondria in a single cells, 3) release of cytochrome c to
361 cytoplasm. As the Raman signals of the reduced form are significantly higher than those
362 of the oxidized form of cytochrome c [11] one can state that the Raman intensity of the
363 band at 1584 cm in Fig. 2 represents an oxidized form of cytochrome (cyt c Fe*) both for

364 the control and the cells upon incubation with the COVID-19 mRNA vaccine. In the next
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365 paragraph we demonstrated that there is no release of cytochrome c to cytoplasm. It indi-
366 cates that the concentration of cytochrome c (cyt c Fe®) is determined by the factor 2): the
367 number of mitochondria in a single cell. The results on Fig. 2 show that the number of
368 mitochondria in a single cell decrease upon incubation with mRNA determining their
369 metabolic activities. The population of all the mitochondria of a given cell constitutes the
370 chondriome. The number of mitochondria present in a cell depends upon the metabolic
371 requirements of that cell, and may range from a few mitochondria to thousands of the
372 organelles [20].

373 In the view of the results presented in Fig. 2 one can state that mRNA vaccine does
374 not block the transfer of electrons between complexes III and IV of the respiratory chain,
375 but decrease the number of mitochondria in cells which demonstrate lower metabolic re-
376 quirements and lower efficiency of oxidative phosphorylation (respiration) and ATP syn-
377 thesis.

378 It is worth of noticing that a similar effect of lower concentration of cytochrome c we
379 observed in brain cancer cells. We showed that the Raman intensity of the band at 1584
380 cm! corresponding to the concentration of cytochrome c in mitochondria of a single cell
381 in vitro decreases with brain tumor aggressiveness [9,14].

382 3.2. Cytoplasm-mRNA

383 In order to check if the observed lower concentration of cytochrome ¢ in mitochon-
384 dria is related to release of cytochrome c (apoptosis) to cytoplasm we studied the locali-
385 zation of cytochrome c in cytoplasm.

386 Figure 3 shows the effect of the COVID-19 mRNA vaccine on the Raman spectra in
387 cytoplasm of human lung carcinoma (A549) by Raman imaging compared with the con-
388 trol cells. Fig 3 shows a comparison of the average Raman for cytoplasm at 532 nm excita-
389 tion with and without COVID-19 mRNA vaccine. One can see that that the Raman signal
390 at 1584 cm in cytoplasm is the same for control cells and those incubated with mRNA
391 within statistical significance at p-value < 0.05. It means that the lower concentration of
392 cytochrome c in mitochondria is not related to the release to cytoplasm. In the view of this
393 result from Fig. 3 one can state that the mRNA does not activate additional apoptosis via

394 cytochrome c release and does not act as a cytoplasmic apoptosis-triggering agent.
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Figure 3. The effect of the COVID-19 mRNA vaccine on cytoplasm in human lung carcinoma (A549) cell upon incubation
for 1, 24, 72 and 96 hours for 1 pL and 60 pL doses (number of cells: 3, number of Raman spectra for each single cell:
minimum 1600, excitation wavelength: 532 nm, laser power: 10 mW, integration time: 1.0 sec). The one-way ANOVA using
the Tukey test was used to calculate the value significance, asterisk * denotes that the differences are statistically signifi-
cant, p-value <0.05.

3.3. Lipid droples-mRNA and rough endoplasmic reticulum-mRNA

The significant changes in cytochrome c concentration occurs not only for mitochon-
dria. Similar alterations in biochemical composition of cytochrome c reflected by the band
at 1584 cm are also observed in lipid droplets and in lipid structures of endoplasmic re-
ticulum (ER) presented in Figures 4 and 5. Rough ER is studded with ribosomes that per-
form biological protein synthesis (mRNA translation). Ribosomes are the sites of protein
synthesis for mRNA vaccines. Ribosomes are too small to be seen by resolution of Raman
imaging.

Now we would like to concentrate on lipid synthesis upon mRNA vaccine. Figures
2-5 show that the Raman band at 1444 cm™ along with cytochrome c is modified signifi-
cantly upon incubation with mRNA. Indeed, the Raman signal at 1444 cm™ corresponding
to C-H bending vibrations of lipids in lipid droplets (orange color in Fig.1) and in rough
endoplasmic reticulum (blue color in Fig.1) increases significantly upon incubation with
COVID-19 mRNA vaccine. The results indicates that mRNA reprograms lipid metabolism
by up-regulation de novo lipid synthesis [21]. Recently we showed that the lipid droplets
in cancer cells are predominantly filled with TAGs and are involved in energy storage.
The lipid droplets in normal cells NHA are filled mainly with retinyl esters /retinol and
are involved in signaling, especially JAK2/STAT6 pathway signaling [22]. The results pre-
sented in Figure 4 suggest that upon incubation with mRNA the role of signaling in-
creases. Our results support those reported recently that COVID-19 spike protein elicits
cell signaling in human host cells, which may have serious implications for possible con-
sequences of COVID-19 vaccines [23].
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424 Figure 4. The effect of the COVID-19 mRNA vaccine on lipid droplets in human lung carcinoma (A549) cell upon incuba-
425 tion for 1, 24, 72 and 96 hours for 1 puL and 60 pL doses (number of cells: 3, number of Raman spectra for each single cell:
426 minimum 1600, excitation wavelength: 532 nm, laser power: 10 mW, integration time: 1.0 sec). The one-way ANOVA using
427 the Tukey test was used to calculate the value significance, asterisk * denotes that the differences are statistically signifi-
428 cant, p-value < 0.05.
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Figure 5. The effect of the COVID-19 mRNA vaccine on rough endoplasmic reticulum in human lung carcinoma (A549)
cell upon incubation for 1, 24, 72 and 96 hours for 1 pL and 60 pL doses (number of cells: 3, number of Raman spectra for
each single cell: minimum 1600, excitation wavelength: 532 nm, laser power: 10 mW, integration time: 1.0 sec). The one-
way ANOVA using the Tukey test was used to calculate the value significance, asterisk * denotes that the differences are
statistically significant, p-value < 0.05.

3.4. Nucleus-mRNA

Most scientists claim that mRNA vaccine never enters the nucleus of the cell where
our DNA (genetic material) is kept [4]. The cell breaks down and gets rid of the mRNA
soon after it finished translation procedure. It is assumed that it is unplausible that an
RNA vaccine would change our DNA, for many reasons. First, neither the coronavirus
nor the RNA vaccines (which only code for the spike protein) have a reverse transcriptase.
Therefore, RNA vaccines cannot produce DNA molecules. Another reason is that the cells
keep their compartments well separated, and messenger RNAs cannot travel from the
cytoplasm to the nucleus. Also, mRNAs are short-lived molecules. The vaccine’s messen-
ger does not stay inside the cell indefinitely, but is degraded after a few hours, without
leaving a trace. Finally, clinical studies on thousands of people who have received the
RNA vaccines have shown no sign of DNA modification so far. This is perhaps the best
indication that these vaccines do not alter our genome. Therefore, is particularly im-
portant to monitor alterations in nucleus upon incubation with mRNA by Raman imag-
ing. Figure 7 shows results obtained for nucleus without and upon incubation with vac-
cine by Raman imaging. Our results seem to support the conclusions that mRNA vaccine
does not enter the DNA of the cell.


https://doi.org/10.1101/2022.01.24.477476

454

455
456
457
458
459

460

461
462
463
464
465
466
467
468

469

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477476; this version posted January 25, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

control 1654
A 012+ with mRNA vaccine (60 pL, 96 hrs) / B

0.10

0.07 4
0.06

0.08 0.05

0.06 - l
750

o o
o o
=3 -
L L

0.04 -
0.02 -

of the band at 1584 cm!

0.02 -

Normalzied Raman intensity [a.u.]
Normalized Raman intensity

0.01 4

0.00 T T T T T : . 0.00
400 600 800 1000 1200 1400 1600 1800 ctrl 1 24 72 96 1 24 72 96hrs

1l 60pL

Wavenumber [cm'1]

C 044 D 014

0124 0124

4

Q010 ' =

0.08 4

e

=

&

1

o o o
o o o=
= @ o
| 1 |

e
o
a
|

1=

o

-~
L

Normalized Raman intensity
of the band at 1444 cm

Normalized Raman intensity
of the band at 1654 cm1

e
o
5
|

0.00 -~

1 24 72 9% 1 24 72 96hrs ctri ‘i 24 7|2 96 1 24 72 96hrs

1L 60pL 1L 60pL

ctrl

Figure 7. The effect of the COVID-19 mRNA vaccine on nucleus in human lung carcinoma (A549) cell upon incubation
for 1, 24, 72 and 96 hours for 1 uL and 60 pL doses (number of cells: 3, number of Raman spectra for each single cell:
minimum 1600, excitation wavelength: 532 nm, laser power: 10 mW, integration time: 1.0 sec). The one-way ANOVA using
the Tukey test was used to calculate the value significance, asterisk * denotes that the differences are statistically signifi-
cant, p-value < 0.05.

3.5. Membrane-mRNA

As it is well known professional antigen-presenting cells (APCs) play a crucial role
in initiating immune responses. Under pathological conditions also epithelial cells act as
nonprofessional APCs, thereby regulating immune responses at the site of exposure.
Therefore, it is interesting to monitor alterations at the surface of the cell membranes upon
incubation with mRNA.

Figure. 8 shows effect of incubation with COVID-19 mRNA vaccine compared to the
control cells without mRNA at surface of the membrane. One can see that cytochrome c
activity at 1584 cm™ does not change with statistical significance at p-value < 0.05.
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Figure 8. The effect of the COVID-19 mRNA vaccine on membrane in human lung carcinoma (A549) cell upon incubation
for 1, 24, 72 and 96 hours for 1 pL and 60 pL doses (number of cells: 3, number of Raman spectra for each single cell:
minimum 1600, excitation wavelength: 532 nm, laser power: 10 mW, integration time: 1.0 sec). The one-way ANOVA using
the Tukey test was used to calculate the value significance, asterisk * denotes that the differences are statistically signifi-
cant, p-value <0.05.

4. Conclusions

We observed the effect of the COVID-19 mRNA vaccine on biodistribution of differ-
ent chemical components, particularly cytochrome c, in the specific organelles of human
lung cancer cells: nucleus, mitochondria, lipid droplets, cytoplasm and membrane.

Cytochrome c activity, which is responsible for apoptosis and oxidative phosphory-
lation, has been shown to be down-regulated by the COVID-19 mRNA vaccine (Pfizer/Bi-
oNTech). Lower concentration of oxidized cytochrome c observed in mitochondria in hu-
man lung cancer cells upon incubation with COVID-19 mRNA vaccine leads to reduced
oxidative phosphorylation (respiration), and lessened ATP production. mRNA vaccine
increases significantly de novo lipids synthesis in lipid droplets and rough endoplasmic
reticulum. mRNA vaccine does not produce statistically significant changes in cell’s nu-
cleus. All observations may suggest that the COVID-19 mRNA vaccine Pfizer/BioNT vac-
cine reprograms cytochrome c¢ and lipids in a similar way that is observed for cancers,
which have been reported in our previous papers.
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