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Abstract

Background: Immunometabolism targeting therapy of auto-inflammatory diseases is an emerging strategy compared to immune
system global suppression. However, our knowledge in this field needs promotion.

Objectives: We examined the effects of serum starvation stress on metabolic activity in human peripheral blood mononuclear cells
(PBMCs).

Methods: Fresh immune cells were isolated from four healthy adult volunteers and cultivated with or without fetal bovine serum
(FBS) at various time points under standard conditions. Glucose and intra- and extracellular lactate levels were assessed using rou-
tine techniques, and 3-(4, 5 -dimethylthiazol-2-yl}-2, 5-diphenyl tetrazolium bromide (MTT) reduction assay was used to determine
mitochondrial function.

Results: Spindle shape macrophage-like cells, which appeared early, were replaced at 96 h by large round monocytes/macrophage-
like cells, with more frequency in the non-starved group. Interestingly, serum starvation dictated a status, especially in
monocyte/macrophage-like cells, that led to prolong decrement in mitochondrial dehydrogenase-mediated reduction of MTT. This
difference was confirmed with the MTT assay quantitatively (P < 0.05). Moreover, the intra- and extracellular lactate concentrations
were lower in starved cells than in non-starved controls (P < 0.05), and glucose levels were higher in 72 h starved cell culture super-
natants than in non-starved control cells (P < 0.05).

Conclusions: This study showed that under serum starvation-induced metabolic stress, lactate production is altered in immune
cells, and total oxidative mitochondrial activity is reduced in macrophage-like cells. These findings open a new window to target
immune cell metabolism for the treatment of autoinflammatory and autoimmune diseases.

Keywords: Metabolism, Serum, Lactate, Immune System, COVID-19

1. Background

Cell metabolism plays a key role in immune cells’ biol-
ogy. Like in other cells, metabolism enables the immune
cells to perform intricately and efficiently their multi-facet
functions such as homeostasis, defense against different
pathogenic germs, and protection against a variety of can-
cerous cells. These tasks collectively grant human life in
this hostile world. Growth factors and nutrients such
as glucose and amino acids are the main players in cell
metabolism. Glucose is an aldohexose that is available for
most cells, including immune cells through blood circu-
lation and then through special transporters located in
cell membranes called GLUT. For instance, the activated hu-

man T-lymphocyte expresses GLUT1, not GLUT4 (1). After en-
tering the cells, glucose changes to pyruvic acid through
the pathway of glycolysis, which, in turn, is converted
to lactate if oxygen is not available; this occurs, for in-
stance, in neutrophils that combat pyogenic bacteria un-
der pus circumstances (2). Surprisingly, sometimes, de-
spite oxygen availability, some dividing cells like cancer-
ous cells and immune cells enhance glycolysis, which is
called aerobic glycolysis in those conditions (Warburg ef-
fect) (3), described first by Otto Warburg in 1923 (4). On the
other hand, pyruvic acid may undergo some biochemical
changes to produce nicotinamide adenine dinucleotide
phosphate (NADPH2) in mitochondria through the Krebs
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cycle. The presence of this molecule with the redox prop-
erty forms the basis of the MTT assay in the estimation of
cell viability and cell count (5).

Amino acids exhibit two fundamental roles in cell bi-
ology. On the one hand, as building blocks of protein
molecules, these acids contribute to protein synthesis in ri-
bosomes, and subsequently, different types of proteins are
involved in cell survival and growth. There are 21 amino
acids in the cells. If one of these amino acids is not avail-
able, the general protein synthesis will be shut down in
the cells, and then, the special type of protein synthesis
will be triggered, mediating the integrated stress response
(ISR) to support cell survival under such metabolic stress
conditions (6). On the other hand, in cooperation with
growth factors such asinsulin or insulin-like growth factor,
amino acids orchestrate some signaling pathways leading
to the activation of one of the most important enzymes in
cell metabolism, cell survival,and growth, i.e., mammalian
target of rapamycin tyrosine kinase, a serin-threonine ki-
nase with 289 KDa molecular weight (7). In the absence
of such growth factors, mTOR activity will be sharply re-
duced, and subsequently, the generation of ribosomes,
protein synthesis, and lipogenesis will be reduced, and cell
metabolism is converted to an autophagy-based mecha-
nism, which supports cell survival under growth factor de-
ficiency stress conditions (8).

Autophagy can trigger apoptotic cell death program in
aprolonged growth factor deficiency state,a phenomenon
that can be recapitulated in vitro through serum starva-
tion tools and cell culture techniques (9). Serum starva-
tion is defined as a special cell culture condition in which
the cells are cultivated in a cell culture medium contain-
ing glucose, amino acids, vitamins, and all other ingre-
dients needed by cells for their metabolism, except ani-
mal/human serum. The serum may be absent or reduced to
1-to2% in the cell culture system (10). This type of metabolic
stress may occur in some physiologic and pathologic con-
ditions such as inflammation and cancers (11). Immune
cells, in cooperation with other stromal cells like fibrob-
lasts, must work in such circumstances to perform their
homeostatic and protective activities. Thus, the in vitro
study of those cells’ behaviors under conditions of serum
starvation may provide some data to estimate mechanisms
used by those cells in their real combating niche with
pathogenic germs and cancerous cells or the regulation of
inflammatory reactions in autoinflammatory diseases like
atherosclerosis, multiple sclerosis, and recently emerged
Coronavirus Disease (COVID)-19 with overt hyperinflam-

mation manifestations (12).

In our previous study with human skin fibroblasts, we
showed that in response to serum starvation stress, those
cells produced a dozen of proteins with growth factor-like
activity and with wound-healing potential (13). We recently
reported that those starved fibroblasts-derived substances
downregulated the stemness-related genes expression and
induced necrosis in rat LA7 cancer stem cells and inhib-
ited these cells’ migration in vitro (14). We also showed
that those substances downregulated Sox2, Nanog, and
Oct4, and stemness-related genes in LA7-induced mam-
mary gland tumors in rats and induced tumor necrosis in
such experimental model of solid tumors (manuscript un-
der review). Moreover, we already reported that in reaction
to serum starvation stress, the human blood mononuclear
cells (PBMCs) downregulated their surface human leuko-
cyte antigen (HLA) class-I expression (15) and exhibited an
enhanced level of immunoregulatory phenotype (16). We
found an elevated level of lactate ions in starved human
fibroblast culture, indicating a Warburg phenomenon in-
duction by serum starvation in those cells. To our knowl-
edge yet, there is no report about PBMCs’ metabolic re-
sponse to serum starvation.

2. Objectives

This research aimed to investigate the effects of serum
starvation stress on the morphological and metabolic
function of PBMCs.

3. Methods

3.1. Preparation of PBMCs

Five milliliters of whole blood were daily collected
from each of the three healthy volunteers (all female, av-
erage age & standard deviation 26.00 =+ 2.64 years) in hep-
arinized sterile tubes for four consecutive days. Then, fresh
PBMCs were isolated by Ficoll-Paque density-gradient cen-
trifugation at 450 g for 30 min, and the viability percent-
age of the cells was determined by using the trypan blue
dye exclusion test.

3.2. Serum Starvation and Serum Re-feeding Protocol

In a 24-well plate (SPL, Germany), about 0.5 x 10° fresh
PBMCs (n = 3) were cultured in triplicate for 16, 48, 72,
and 96 h in 800 pL glucose-containing serum-free RPMI-
1640 (Biowest, France) supplemented with 100 U/mL peni-
cillin and 100 g/mL streptomycin (Sigma, Germany) in a
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37°C incubator containing 5% CO,. Moreover, in this plate
as non-starved control cells, the same number of PBMCs
was also cultured with the same volume of medium but
supplemented with 10% fetal bovine serum (FBS) (Sigma,
Germany). Then, the cells in each well were thoroughly
resuspended and centrifuged (Sigma, 3K30, Germany) at
5,000 revolutions per minute (RPM) for five minutes at
room temperature. Thereafter, the culture supernatant
was harvested and stored at -20°C for further examina-
tion, as well as the cell pellet was washed with phosphate-
buffered saline (PBS) through centrifugation as described
above. The cell count was done by a Neubauer chamber,
and the viability of the cells was determined using the try-
pan blue dye test. Moreover, in a separate experiment, an-
other 23-year-old female volunteer wasrecruited,and 0.5 X
10® PBMCs were prepared from her and cultured for 16, 48,
72, and 96 h in glucose-containing serum-free RPMI-1640
with 100 U/mL penicillin and 100 g/mL streptomycin. The
cells were also cultured as non-starved control in a com-
plete medium supplemented with 100 U/mL penicillin, 100
g/mL streptomycin, and 10% Fetal Bovine Serum (FBS). The
cultivation was carried out on a 24-well plate. Then, 16, 48,
72, and 96 h starved cells were collected for intracellular
lactate analysis as described below.

For re-feeding experiments, the washed cells were dis-
pensed to their related wells that had already been washed
with PBS once. Then, both starved and non-starved cells
were cultured in 10% FBS for another 96 h under standard
cell culture conditions as described above. Finally, the MTT
dye reduction test was performed based on the protocol
described below.

3.3. MIT Dye Reduction Analysis

Atthe end of the serumre-feeding experiment, because
PBMCs were cultured as a mixture of adherent and sus-
pended cells, 200 uL of cell culture supernatant was re-
placed by 200 uL of MTT dye (5 mg/mL) (ACROS, New Jer-
sey, USA) in each well. The plates were then slowly shaken
and incubated at 37°C for four hours at 37°C under stan-
dard cell culture conditions as already described. Before
dispensing 600 pL of dimethyl sulfoxide (DMSO) into each
well, the extent of formazan crystals formation was thor-
oughly investigated at a single cell level in each well un-
der an inverted microscope (Olympus, Germany), and the
required microphotographs were captured by a camera
equipped with GP25 software. Finally, the DMSO solubi-
lized formazan was gently mixed, and 200 pL of this solu-
tion was transferred to a 96-well microtiter plate to deter-
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mine the Optical Density (OD) at 570 for each well using a
microplate reader (Rayto, China)

3.4. Lactate Measurement

Thelactate levels in starved and non-starved PBMCs cul-
ture supernatants were determined using a routine clini-
cal laboratory method, fluorometric lactate enzymatic as-
say (Biorexfars, Iran) Briefly, 10 L of the specimen, RPMI
medium only, RPMI medium + 10% FBS, and kit standard
solution were mixed with 1 mL of kit reagent and incu-
bated at 37°C for 10 min, and then, the OD of the test so-
lution was obtained at 546 nm and compared with that
of standard solution to calculate lactate concentrations ac-
cording to the kit instruction. The data were expressed as
mg/dL. The value obtained for the RPMI medium only- or
RPMI medium +10% FBS solution, was subtracted from the
lactate concentrations of starved and non-starved cell cul-
ture supernatants to determine the amount of lactate pro-
duced by those cells. To determine the intracellular lactate
levels, the cells were initially lysed by incubating at 100°C
for 5 min and then cooled at room temperature. The kit
sensitivity was 2 mg/dL.

3.5. Glucose Measurement

The glucose concentration was evaluated in starved
and non-starved PBMCs culture supernatants using a Glu-
cose GOD|PAP kit (Bionik, Iran). Based on the kit instruc-
tion, 10 uL of the test specimen or calibrator solution was
mixed with 1 mL of kit reagent and incubated at 37°C for
10 min, and then, the OD of the test solution was obtained
at 505 nm and compared with that of calibrator solution
to calculate the glucose concentration. The data were ex-
pressed as mg/dL. The kit sensitivity was 1 mg/dL.

3.6. Statistical Analysis

The continuous data were presented as mean = stan-
dard deviation (SD). The Kolmogorov-Smirnov test was per-
formed to determine the normality of the data. The mean
values were compared using one-way ANOVA and Tukey’s
post hoc test or independent t-test for data with nor-
mal distribution. Otherwise, the Kruskal-Walis and Mann-
Whitney U tests were used. The graphs were drawn by
GraphPad Prism 6.0. The data were analyzed by SPSS ver-
sion 18 software (Chicago, USA) or Prism 6.0 program. A P-
value < 0.05 was considered statistically significant in all
statistical tests.
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4. Results

4.1. Reduction in Cell Number and Morphological Changes in
Serum-starved PBMCs

To evaluate the effects of serum starvation stress on
morphological characteristics of cultured PBMCs, we ob-
served thoroughly the adherent and non-adherent cell
fractions under an inverted microscope. We also deter-
mined the cell number and viability to provide more de-
tails about cell survival under serum starvation conditions.
We were not able to find a remarkable difference between
lymphocytes in two groups morphologically even after
96 h. However, the most considerable finding in this re-
gard was the cell aggregation formation, which predomi-
nantly appeared in non-starved cells just at 72 h time point
whereas in starved cells such aggregation was observed
scantly with much smaller size (Figure 1A panels e and f).
In the adherent cell fraction, we found some spindle shape
cells with more frequency in the non-starved group, which
reached the maximum levels at 48 h of PBMCs culture (Fig-
ure 1A panels c and d). Those cells were replaced in the
96 h cultured cells by some large cells with granular cyto-
plasm albeit with much more frequency in the non-starved
group. The cell count was not changed in the first 48 h
of PBMCs culture under serum starvation metabolic stress,
but this value reduced to a significant level in 72 h starved
cells (P < 0.01). The reduction rate was enhanced in 96 h
starved PBMCs (P < 0.001) (Figure 1B). However, we were
not able to observe any dead cells in the trypan blue dye
exclusion test.

4.2, Alterations in Glucose Concentrations and Lactate Accumu-
lation in Starved and Non-starved Human PBMCs Culture Su-
pernatants

To investigate the overall effects of serum starvation
stress on glucose metabolisms, we measured the lactate
and glucose levels in starved and non-starved PBMCs cul-
ture supernatants. We found that the total amount of
lactate decreased in the starved group compared to non-
starved cells significantly (P < 0.0001) at all indicated time
points (Figure 2A). However, in both groups, the lactate
levels in cell culture supernatants increased in a time-
dependent manner (P < 0.0001). As Figure 2B shows, al-
terations in glucose concentrations of starved and non-
starved PBMCs culture supernatants were not sharp. The
difference in glucose concentrations between the two
groups was significant only in 72 h cell incubation (P <
0.05).

4.3. Reduced Levels of Intracellular Lactate in Starved PBMCs

To evaluate the effects of serum starvation-induced
metabolic stress on lactate production, we measured the
intracellular levels of lactate in starved and non-starved
immune cells. As can be seen in Figure 3, under serum star-
vation stress, the intracellular lactate levels significantly
reduced in starved PBMCs versus non-starved cells with
P<0.001 and P<0.05 at 16 h and 48 h time points, respec-
tively.

4.4. Diminished Capacity of Starved PBMCs in MIT Dye Reduc-
tion

To investigate the prolonged effects of serum
starvation-derived stress on cell survival and metabolism,
we performed MTT reduction analysis after 96 h re-feeding
with serum. Interestingly, the starved PBMCs exhibited a
reduced level of formazan crystals formation at the single-
cell level when thoroughly evaluated under an inverted
microscope (Figure 4A and B). Our quantitative MTT assay
data also confirmed this conclusion, which showed that
this difference between starved and non-starved cells was
statistically significant after 72 h of cell incubation (P <
0.01) (Figure 4C). In both groups, there was a remarkable
fluctuation in cell capacity for MTT dye reduction. This
capacity was increased in 48 h cultured cells when com-
pared to 16 h incubated cells (P < 0.05 for both groups).
Thereafter, compared with time point 48 h, this capacity
was significantly decreased at time point 72 h (P-value <
0.05 in both groups). In starved and non-starved groups,
this capacity returned to non-significant levels when
compared with 48 h starved cells at time point 96 h. Our
microscopic observations also showed that both starved
cells and non-lymphocytes were not able to form visible
purple formazan crystals in the MTT assay (Figure 4A).

5. Discussion

Our previous in vitro study showed that human PBMCs
in response to serum starvation stress produce higher lev-
els of an immune regulatory cytokine, i.e., Transforming
Growth Factor (TGF)-3, and exhibit an elevated prevalence
of CD4* CD25"CD127 FOXP3* T regulatory cells (16). How-
ever, we do not know the effect of serum starvation on
PBMCs’ general metabolism. In the present study, we
evaluated the lactate level in serum-starved PBMCs as an
end product of the glycolysis pathway compared to non-
starved cell controls. We also compared the starved and
non-starved cells based on the results derived from MTTdye
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Figure 1. Morphological evaluation and cell count in starved and non-starved PBMCs. A, Cellular population and morphological changes in serum-starved and non-starved
PBMCs. Invert microscopic image (20X) shows that after 16, 48, 72, and 96 h starvation, PBMCs were shiny (a, c, e, and g), but non-starved cells exhibited more- and larger-cell
aggregation (arrow in panel f). At all time-points, spindle shape macrophage-like cells were observed, but in the 96 h starved and non-starved groups (g and h), these cells
were replaced by large rounded cells with more prevalence in starved cells. B, The cell count of PBMCs in starvation and non-starvation conditions (n = 9; three samples with
triplicate wells for each time point). The cell number was decreased gradually in the starved group and reached a significant difference compared to non-starved cellsat 72 h
time point (P < 0.01); at 96 h, this difference became more obvious (P < 0.001). Results are shown as mean = SD. The error bars indicate the standard deviation. **P < 0.01and
***P< 0.001P< 0.05 were considered statistically significant levels.
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Figure 2. The levels of lactate and glucose in starved and non-starved PBMCs culture supernatants (n = 9; three samples with triplicate wells for each time point). A, The lactate
levels were significantly lower in starved PBMCs than in non-starved controls (P < 0.0001) for all time points. B, The levels of glucose in starved and non-starved PBMCs culture
supernatants (n = 9; three samples with triplicate wells for each time point). At time point 72 h, the difference in glucose levels between starved and non-starved groups was

significant (P < 0.05). The results are shown as mean = SD. Error bars show SD; * indicates P < 0.05, ** indicates P < 0.01, and *** shows P < 0.001; P < 0.05 was considered as
the statistically significant level.
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Figure 3. Intracellular lactate levels in starved and non-starved PBMCs. The concentrations of lactate significantly decreased in starved immune cells, especially at time point
16 h (P < 0.0001). This decrement was also significant at time point 48 h (P < 0.05). The data were presented as mean =+ SD (n =4). Error bars show SD. * indicates P < 0.05 and

***indicates P< 0.0001; P < 0.05 was the statistically significant level.

reduction analysis. The MTT reduction is considered an in-
dicator of mitochondrial function (17). This water-soluble
dye can be converted to water-insoluble crystals by mito-
chondrial dehydrogenase, especially succinate dehydroge-
nase (18). Interestingly, at single-cell levels, we repeatedly
observed that compared to non-starved controls, in the
starved PBMCs population, there were fewer macrophage-
like cells with lower levels of purple crystals, indicating
the lower activity of cellular mitochondria in such cells.
In both groups, lymphocytes were almost free of purple
crystals; thus, the lower OD values obtained in the MTT as-
say could be attributed to the enzymatic activity of spindle
shape macrophage-like cells. Moreover, MTT reduction by
cells represents the activity of the electron transport chain
(17), which is coupled to lactate production, the end prod-
uct of the glycolysis pathway that occurs in the cytoplasm.
In line with this observation, we found that starved PBMCs
exhibited a lower level of lactate at both extra and intra-
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cellular levels, implying that the reduced levels of glycol-
ysis in starved PBMCs resulted in dampening in electron
transport activity of mitochondria and consequently led
to decreased levels of MTT reduction. To interpret these
findings, we hypothesized that serum starvation triggered
the ISR in PBMCs and subsequently led to the downregu-
lation of general protein production, including enzymes
involved in glycolysis and electron transport chain. Pro-
longed ISR could lead to cell death induction after 72 h de-
creasing the cell number, which, in turn, enhanced the dis-
crepancy in lactate production between starved and non-
starved cells. Further study is required to examine this hy-
pothesis. In contrast to these obvious alterations in lac-
tate concentration, we did not find remarkable changes in
glucose levels between the two groups, except at the time
point of 72 h (P < 0.05). This lack of harmony between glu-
cose consummation and lactate production may originate
from the light absorption-based method we used for glu-
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Figure 4. Qualitative and quantitative evaluation of MTT reduction capacities in starved and non- starved PBMCs. All starved and non-starved PBMCs were re-fed by fresh RPMI
+10% FBS for 96 h. A, 48 h cultured PBMCs, as control cells, intensively formed formazan crystals. B, Decreased levels of MTT reduction in 48 h starved PBMCs. C, There was a
significant difference between starved and non-starved PBMCs in MTT reduction after 72 h of cell incubation (P < 0.01). Moreover, there were remarkable alterations in the
activity of MTT reduction in both groups. The highest levels of MTT reduction occurred in 48 h cultured cells for both groups. Results are presented as mean =+ SD (n =3). Error
bars show SD. * indicates P < 0.05 and *** shows P < 0.0001. P < 0.05 was considered as the statistically significant level.

cose detection in cell culture supernatant instead of fluo-
rescent emission-based techniques used by other groups
for the same purpose (19).

Collectively, the importance of these findings be-
comes clear when we take into account the mono-
cytes/macrophages, which are the main cellular com-
ponents in innate immunity and respond to a variety of
substances, from “self” originated molecules released
from damaged tissue (damage-associated molecular
pattern, DAMP) to “non-self” molecules derived from
different pathogenic germs from viruses and bacteria to
fungi (pathogen-associated molecular pattern, PAMP).
Both DAMP and PAMP trigger danger signals into the
cells through Pattern Recognition Receptors (PRR), which,
in turn, enhances inflaimmatory cytokine release via
multi-component inflammasomes. Macrophages are also

activated by type 1 T helper cells (Thi). Hyperactivation
of macrophages is the main culprit in autoinflamma-
tory diseases like multiple sclerosis, as well as the newly
emerged viral disease, the COVID-19 pandemic. However,
activation of macrophages requires metabolic repro-
gramming, which results in elevated levels of oxidative
phosphorylation in mitochondria. Also, Thi cells need
such reprogramming. Thus, those activated cells are
vulnerable to metabolic stress compared to non-activated
cells. In recent years, this weakness of activated immune
cells formed the core of a therapeutic strategy empha-
sizing the targeting of immune cells metabolism for
the treatment of some autoinflammatory diseases like
multiple sclerosis by some drugs such as metformin and
dimethyl fumarate. The latter drug is able to skew Mi
inflammatory type macrophages to M2 anti-inflammatory
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macrophages. Moreover, this drug can shift proinflam-
matory Thi to anti-inflammatory Th2 type cells. Further
clinical trial studies are required to evaluate this presump-
tion. We have already reported that serum starvation can
be used as an immunomodulator tool by increasing CD4+
CD25+FOXP3+CD127-T-regulatory cells (16). Moreover, in
the mouse model, we recently showed that starved bone
marrow cell transplantation alleviated the acute graft ver-
sus host disease manifestation (under review manuscript).
The latter finding shows that autologous starved immune
cells therapy may have some benefits for the treatment of
autoinflammatory diseases like multiple sclerosis, which
dimethyl fumarate is currently administered for this dis-
ease. Taken together, this study showed that under serum
starvation stress, lactate production is reduced in PBMCs,
and total oxidative mitochondrial activity is diminished
in macrophage-like cells. These findings open a new
window in targeting immune cell metabolism through
drugs such as dimethyl fumarate for the treatment of
hyperinflammation-mediated diseases like COVID-19 or
using autologous starved immune cell therapy to mod-
ulate adverse reactions of autoinflammatory diseases,
including multiple sclerosis.
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