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Abstract

Background: Docosahexaenoic acid (DHA) supplementation is beneficial for several chronic diseases; however, its
effect on immune regulation is still debated. Given the prevalence of cytomegalovirus (CMV) infection and because
natural killer (NK) cells are a component of innate immunity critical for controlling CMV infection, the current study
explored the effect of a DHA-enriched diet on susceptibility to murine (M) CMV infection and the NK cell effector
response to MCMV infection.

Results: Male C57BL/6 mice fed a control or DHA-enriched diet for 3 weeks were infected with MCMV and sacrificed
at the indicated time points postinfection. Compared with control mice, DHA-fed mice had higher liver and spleen
viral loads at day 7 postinfection, but final MCMV clearance was not affected. The total numbers of NK cells and their
terminal mature cell subset (KLRG1T and Ly49H™ NK cells) were reduced compared with those in control mice at day
7 postinfection but not day 21. DHA feeding resulted in higher IFN-y and granzyme B expression in splenic NK cells at
day 7 postinfection. A mechanistic analysis showed that the splenic NK cells of DHA-fed mice had enhanced glucose
uptake, increased CD71 and CD98 expression, and higher mitochondrial mass than control mice. In addition, DHA-fed
mice showed reductions in the total numbers and activation levels of CD4™ and CD8™ T cells.

Conclusions: These results suggest that DHA supplementation represses the early response to CMV infection but
preserves NK cell effector functions by improving mitochondrial activity, which may play critical roles in subsequent
MCMYV clearance.
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Background

Dietary -3 polyunsaturated fatty acids (PUFAs) are
abundant in nature and belong to a category of safety
supplements that have been linked to a reduced risk for
chronic diseases, such as cardiovascular diseases [1],
cognitive decline [2] and cancer [3]. -3 PUFA supple-
mentation during pregnancy also reduces the risk for
premature birth and perinatal death and improves birth
weight and neonatal growth and development [4, 5]. Due
to these health benefits, w-3 PUFA supplementation for
the prevention of several diseases is increasing [6, 7].
However, the public is still confused about the benefit of
-3 PUFAs due to contradictory findings regarding their
immunosuppressive effects on systems targeting viral or
bacterial infections. For example, dietary supplementa-
tion with fish oil, enriched in w-3 PUFAs, has been shown
to impair host resistance to Mycobacterium tuberculosis
[8] and influenza in mice [9]. However, the lungs of mice
whose diets were supplemented with only docosahexae-
noic acid (DHA) and eicosapentaenoic acid (EPA), two
main w-3 PUFAs, had a lower M. tuberculosis bacterial
load than those of controls [10, 11]. DHA-derived lipids,
such as protectin D1 and protectin D1 isomers, have also
been shown to suppress influenza virus replication and
promote inflammation resolution [12]. This evidence
suggests multifaceted roles for w-3 PUFAs in the immune
response against bacterial or viral infection, warranting
further in-depth study.

Cytomegalovirus (CMV), a member of the herpesvi-
rus family, is a widespread virus to which approximately
45-100% of the global population has been exposed [13].
Notably, CMV infection is the most common and serious
opportunistic infection in individuals with human immu-
nodeficiency virus infection or patients after hemat-
opoietic stem cell or solid organ transplantation [14].
Congenital CMV infection is the most common viral
infection in humans and is a leading cause of neurologic
disabilities and hearing loss in children worldwide [15].

Natural killer (NK) cells are a vital component of innate
immunity and play critical roles in controlling CMV viral
replication; experimental depletion of NK cells leads to
unchecked viral replication and increased mortality [16].
In C57BL/6 mice, NK cells undergo a nonselective phase
mediated by proinflammatory cytokines and a specific
phase driven by signaling via Ly49H, an NK cell activa-
tion receptor that can directly recognize the MCMV
(Smith and K181)-encoded protein m157 expressed on
infected cells. The recognition of Ly49H by its ligand,
ml57, results in the robust expansion of Ly4w9H+ NK
cells and the persistent elevation of KLRG1, important
for NK cell-mediated clearance of MCMV-infected cells
in C57BL/6 mice [17]. NK cells also play critical roles in
regulating steps of the adaptive immune response, such
as T cell activation [18]. However, the effects of DHA
supplementation on resistance against MCMYV infection
and the NK cell response remain largely unknown.

In the current study, we explored the susceptibility of
C57BL/6 mice fed a DHA-enriched diet for 3 weeks to
MCMV infection and assessed the numbers and matu-
ration of NK cells in each tissue. We also explored the
expression of molecules related to NK cell effector func-
tion and mitochondrial activity. Here, we show that DHA
supplementation led to a reduced response to MCMV at
the early but not later stage after infection. In addition,
DHA supplementation preserved NK cell effector func-
tions by improving metabolic status and mitochondrial
activity, which may play critical roles in MCMV clear-
ance in the later stage of infection.

Results

DHA supplementation inhibited the early but not late
response to MCMV infection

Five-week-old C57BL/6 mice were first fed a special
DHA-enriched or control diet for 3 weeks to explore
the effects of DHA on the susceptibility of mice to
MCMYV infection. Subsequently, the mice were chal-
lenged with 3 x 10* PFU of MCMYV in 200 uL of PBS by

(See figure on next page.)

times. Error bars represent interquartile ranges *p < 0.05; **p <0.01

Fig. 1 The effect of DHA feeding on MCMV resistance in C57BL/6 J mice. A Schematic diagram of the experimental design. B Weight loss change
in mice fed a DHA-supplemented or control diet at days 0, 3,5, 7,9, 14, and 21 after MCMV infection. n=6, pooled data of 2 independent
experiments. CThe MCMV fe-1 DNA level in the spleen (left) and liver (right) at days 3, 7, and 21 after MCMV infection was detected by qPCR, n=9
atday 3;n=7 atday 7, n=6 at day 21. These data were pooled from 2-3 independent experiments. D The tissue/body weight ratio was calculated
after weighing the spleen (left) and liver (right) tissues of mice fed a DHA-supplemented or control diet at days 3 and 7 following MCMV infection,
n=7 atday 3; n==6 at day 7 postinfection. These are pooled data of 2 independent experiments. E H&E staining of the spleen and liver tissue at day
7 post MCMV infection. Histopathological quantification of inflammation in the spleen and liver of control and DHA-fed mice is shown in the lower
panel. n=5 pooled data of 2 independent experiments. Each symbol represents an individual mouse. All experiments were replicated at least 2
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intraperitoneal injection and sacrificed at days 3, 7 or
21 (Fig. 1A). Weight loss, the virus replication level, the
visceral coefficient, and the local tissue mRNA levels of
inflammatory cytokines were determined at the indicated

time postinfection as the main markers of illness severity
following MCMYV infection [19, 20]. We found that body
weight loss was significantly lower at day 3 but higher at
days 5 and 7 after MCMV infection in DHA-fed mice
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than in control mice. However, there was no significant
difference in body weight loss between control and DHA-
fed mice at days 9, 14 and 21 after MCMYV infection
(Fig. 1B).

The spleen, liver and salivary gland are the main tar-
get organs of MCMV after intraperitoneal infection
[21], and our data showed that the levels of MCMYV Ie-1
DNA were increased in the spleen at day 7 postinfec-
tion but not day 3. The levels of MCMV Ie-1 DNA were
slightly increased in liver tissues at day 3 and 7 postin-
fection, but without statistical significance. At the dose
of MCMV given, no MCMV le-1 DNA was detected
at day 21 postinfection in the spleen or liver in either
the control or DHA-fed mice (Fig. 1C). Previous stud-
ies have revealed that MCMYV exhibits protracted rep-
lication in salivary glands after acute infection, which
peaks at day 14 postinfection in C57BL/6 mice [22]. To
this end, we also determined the viral load in the sali-
vary glands at day 14 postinfection. The data showed
that the viral loads of the salivary glands were compa-
rable between DHA-fed and control mice (Additional
file 1: Fig. S1).

Viral infection is often accompanied by hepatosple-
nomegaly [23, 24]. Regarding the spleen/body weight
and liver/body weight index, neither the spleen/body
weight nor the liver/body weight was significantly differ-
ent between control and DHA-fed mice at day 3 postin-
fection, but liver/body weight was significantly lower,
and spleen/body weight was decreased, in DHA-fed
mice compared with control mice at day 7 postinfection
(Fig. 1D). Interestingly, in control mice, both spleen/body
weight and liver/body weight index were significantly
increased at day 7 postinfection compared with day 3
postinfection. When these two indexes at days 3 and 7
postinfection in DHA-fed mice were compared, neither
index was dramatically increased in DHA-fed mice com-
pared with control mice (Fig. 1D). H&E staining showed
that the pathology of both the spleen and liver was not
obviously different between control and DHA-fed mice at
day 7 postinfection. We also calculated the pathological
scores of the H&E staining for both the spleen and liver,
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as described by Quatrini et al. [25]. The data showed
that the pathological scores of both the spleen and liver
showed no significant difference between DHA-fed and
control mice (Fig. 1E).

These findings demonstrated that DHA supplementa-
tion moderately impaired the early response to MCMV
infection without affecting final MCMYV clearance at the
later stage.

DHA feeding affected NK cell frequency, maturation

and selective Ly49H expansion in the response to MCMV
infection

As the NK cell number peaks at day 7 after MCMV
infection [26], we next explored the homeostasis and
maturation of NK cells at day 7 after MCMYV infection.
We analyzed the proportion and numbers of NK cells in
the bone marrow (BM), spleen, peripheral lymph nodes
(pLNs), and liver tissue. Compared with those in con-
trol mice, the proportion and total numbers of NK cells
(CD37CD197NK1.1"NKp46" among CD45" cells) were
significantly decreased in the spleen but not other organs
or tissues, although a similar trend without statistical sig-
nificance was observed in the BM (Fig. 2A).

NK cells undergo accelerated phenotypic maturation
in response to MCMYV infection [26]. When the matu-
ration of NK cells was investigated based on the expres-
sion of CD27 and CD11b [27], terminally matured NK
cell (CD27-CD11b™) numbers were significantly reduced
in the BM, spleen and liver, whereas immature NK cells
(CD277CD11b™) numbers were significantly increased
in the spleen and liver of DHA-fed mice compared with
control mice (Fig. 2B). We also determined the expres-
sion levels of KLRG1, another marker of NK cell terminal
maturation [28], and found that it was also elevated on
NK cells after MCMYV infection [26]. Our data showed
that compared with control mice, DHA-fed mice exhib-
ited significantly reduced KLRG1' NK cells in the BM,
spleen and liver (Fig. 2C). Regarding the specific phase
driven by Ly49H recognition [17], our data showed that
DHA-fed mice had a significantly reduced ratio and total
number of Ly49H™ NK cells in the spleen compared with

(See figure on next page.)

represent interquartile ranges; *p < 0.05; **p <0.01; ***p <0.001

Fig. 2 DHA feeding affected NK cell frequency, maturation and Ly49H™ NK cell expansion during the response to MCMYV infection. A Flow
cytometric analysis and enumeration of NK cells (CD45TCD3~CD19™ NK1.1¥NKp46™) in the BM, spleens, pLNs and livers of control versus DHA-fed
mice. B Flow cytometric analysis and cumulative frequencies of subpopulations of NK cell (CD3"CD197NK1.1tNKp46™) subsets based on CD11b
and CD27 expression in the BM, spleens, pLNs and livers of control versus DHA-fed mice. C Flow cytometric analysis of the KLRG1™ subsets of NK
cells (CD37CD197NK1.1"NKp46™) in the BM, spleens, pLNs and livers of control versus DHA-fed mice at day 7 postinfection. D Flow cytometric
analysis and enumeration of Ly49H" subsets of NK cells (CD3~CD19~NK1.1TNKp46™) in the BM, spleens, pLNs and livers of control versus DHA-fed
mice at day 7 postinfection. E Cumulative frequencies of NK cell (CD3~CD19~NK1.17NKp46™) subsets found in the spleens, and livers of control
versus DHA-fed mice at day 21 postinfection. For each experiment, n=4 to 9 pooled from 2-3 independent experiments (A-E). Each symbol
represents an individual mouse, and the blue dots and red square represent control and DHA-enriched diet-fed mice, respectively. Error bars
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those in control mice (Fig. 2D). However, there was no
significant difference in the expression of CD11b, 27,
KLRG1 or Ly49H at day 21 postinfection between control
and DHA-fed mice (Fig. 2E).

As previous study revealed that daily consump-
tion of 1 g w-3 PUFA for 6 months resulted in reduced
CD37CD167CD56% NK cell numbers in human periph-
eral blood (pBL) leukocytes [29], we also determined the
frequency, maturation and Ly49H expression levels of
NK cells in the pBL of both DHA-fed and control mice
the day before MCMYV infection. The data revealed that
3 weeks of DHA feeding resulted in a reduced frequency
of NK cells but without a significant effect on NK cell
maturation or the frequency of Ly49H' NK cells in the
pBL (Additional file 1: Fig. S2).

Collectively, these data revealed that DHA supple-
mentation reduced NK cell frequency but had no effect
on NK cell maturation at a steady state. During MCMV
infection, DHA feeding repressed NK cell maturation
and Ly49H™' NK cell expansion in the main organs tar-
geted by MCMYV, such as the spleen and liver, at the early
stage but not the later stage of MCMYV infection.

DHA-fed mice showed an enhanced capacity for IFN-y
production of NK cells and enhanced NK cell cytotoxicity
during MCMV infection

Early during the course of infection, NK cells exert antivi-
ral effects through direct toxicity and secretion of IFN-y
[30, 31]. Therefore, we next tested the ratio of IFN-y" NK
cells after stimulation in vitro with PMA and ionomycin
and determined the levels of the NK cell degranulation-
related molecules perforin and granzyme B (GZMB)
[32]. Our data revealed that the overall proportions and
geometric mean fluorescence intensity (gMFI) of IFN-
y-secreting NK cells were increased in DHA-fed mice
compared with control mice (Fig. 3A). The overall pro-
portions and gMFI of GZMB, but not perforin, among
splenic total NK cells were also increased in DHA-fed
mice compared with control mice without any stimula-
tion (Fig. 3B, C).

To further determine whether DHA feeding affects NK
cell direct cytotoxicity post-MCMYV infection, we sorted
splenic NK cells from both DHA fed/unfed mice at day 7
after MCMYV infection, and cocultured them with YAC-1
or MCMV-infected NIH-3T3 cells, followed by assaying
the apoptosis of target cells. The data showed that the
direct cytotoxicity of NK cells against both YAC-1 and
MCMV-infected NIH-3T3 cells was enhanced in NK
cells from DHA-fed mice, although it only showed statis-
tical significance against YAC-1 (Fig. 3D).

These data suggest that DHA may improve NK cell
effector function during MCMYV infection.
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DHA feeding improved the cellular metabolic status

and mitochondrial activity of NK cells during MCMV
infection

To explore the potential mechanism underlying the
enhanced NK cell effector function induced by in vivo
DHA supplementation, we next tested whether DHA
feeding interfered with NK cell metabolic status, a basic
process critical for facilitating robust NK cell effector
functions [33]. NK cell activation results in increases in
the rates of both glycolysis and mitochondrial oxidative
phosphorylation (OXPHOS). The expression levels of
dedicated transporters, including the transferrin recep-
tor CD71 and amino acid transporter CD98 [33], which
control cellular access to nutrients, were substantially
increased on the surface of NK cells from the DHA-
fed mice compared with control mice at day 7 postin-
fection (Fig. 4A, B). Glucose uptake, indicated by the
fluorescent glucose analog 2-(N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) amino)-2-deoxyglucose (2-NBDGQG)
[34], was also increased in NK cells from the DHA-fed
mice compared with control mice at day 7 postinfection
(Fig. 4C).

Mitochondria, the essential hub of metabolic activ-
ity, are critical for OXPHOS activity and are the
powerhouses of immunity [35]. In general, healthy
mitochondria generate a proper membrane potential
for the movement of substrates from the cytosol into
the mitochondrial matrix for OXPHOS [36]. At day
7 postinfection, we found that splenic NK cells from
DHA-fed mice had an increased overall mitochon-
drial content, as indicated by flow cytometric labeling
with MitoTracker, but with no effect on mitochondrial
membrane potential, as indicated by TMRM staining
(Fig. 4D, E).

Overall, these findings suggest an increased overall
rate of cellular metabolism and increased mitochon-
drial activity in NK cells from DHA-fed mice.

DHA feeding impaired the cellularity and activation of T
cells in the spleen

As the above data showed that DHA feeding inhibited
NK cell expansion, we next determined whether DHA
feeding would affect adaptive immune response cells,
such as T cells and B cells. The data showed that DHA
feeding resulted in reduced proportions and numbers
of total T cells and subsets of CD4" and CD8" T cells
but had no obvious effect on B cell number at day 7
postinfection (Fig. 5A).

To further determine whether DHA feeding affects T
cell activation, we measured the ratio of CD62LNCD44l°
cells and CD62L°CD44M cells, which represent naive
and activated T cells, respectively [37], among CD4"
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Fig. 3 DHA feeding improved IFN-y production and degranulation by NK cells in the spleen at day 7 postinfection. A Flow cytometric analysis of
the ratio and the geometric mean fluorescence intensity (gMFI) of IFN-y* splenic NK cells (CD3~CD197NK1.1TNKp46™) from control versus DHA-fed
mice following stimulation with PMA and ionomycin in the presence of GolgiPlug and GolgiStop for 6 h. B, C Flow cytometric analysis depicting
the frequencies and gMFI of perforin (B) and granzyme B (GZMB) (C) by splenic NK cells (CD3~CD19~NK1.1"NKp46™1) from control versus DHA-fed
mice at day 7 postinfection. D Purified splenic NK cells from both DHA-fed and control mice at day 7 after MCMV infection were cocultured with
CTV-labeled YAC-1 (left) or MCMV-infected 3T3 cells (right) for 6 h at the E:T ratio of 16:1. Representative flow cytometry plots of CTV singlets

are shown on the left. The percentages of NK cell-specific lysis are shown on the right, which were calculated by the following formula: [(% CTV ©
7-AADT cell specific lysis — %CTV * 7-AAD™ cell spontaneous lysis)/ (100 — % CTV * 7-AAD*cell spontaneous lysis)] x 100. For each experiment,
n=9 pooled from 3 independent experiments (A-C); n=5 pooled from 2 independent experiments (D). Each symbol represents an individual
mouse, and the blue dots and red square represent control and DHA-enriched diet-fed mice, respectively. All experiments were replicated 3 times.
Error bars represent interquartile ranges; *p <0.05; **p < 0.01
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Fig. 4 Differences in the cellular metabolic status and mitochondrial activity of splenic NK cells between DHA-fed and control mice at day 7
post-MCMV infection. A—E Flow cytometric analysis and cumulative results depicting the gMFI of CD71 (A) and CD98 (B) and the uptake of 2-NBDG
(Q), MitoTracker (D) and tetramethylrhodamine, methyl ester (TMRM) (E) by splenic NK cells (CD3~CD197NK1.1"NKp46™) from control versus
DHA-fed mice at day 7 postinfection. For each experiment, n=7 pooled from 2 independent experiments. Each symbol represents an individual
mouse, and the blue dots and red squares represent control and DHA-enriched diet-fed mice, respectively. Error bars represent interquartile ranges;

and CD8* T cells in both control and DHA-fed mice.
We found an increased proportion of CD44/°CD62LM
cells but a decreased proportion of CD62L°CD44Mcells
among both CD4* T cells and CD8* T cells in DHA-
fed mice compared with controls (Fig. 5B).

These data demonstrate that DHA feeding also
impairs T cell expansion and activation.

DHA feeding did not obviously affect the mRNA

expression of inflammatory mediators in the spleens

of MCMV-infected mice

Type I IENs, including IFN-a and IFN-p, are critical for
controlling of acute MCMYV infection [38, 39], sufficient
for the induction of latency immediately upon infection
in vitro [40]. Thus, we detected the mRNA levels of both
IFN-a and IFN-p in pBL cells following MCMYV infection
at 12, 24, 48, and 72 h by RT-qPCR. We found that the
mRNA expression of both IFN-a and IFN-f was highest
at 12 h after MCMYV infection in vivo in both DHA-fed
and DHA-unfed mice, as previously described [41]. How-
ever, only at 48 h after MCMYV infection was the mRNA
level of IFN-a moderately decreased in the DHA-fed
mice, compared with the DHA-unfed mice (Fig. 6A).

Coordinated secretion of cytokines and chemokines
occurs in the target organ during MCMV infection
[38]. To explore whether DHA feeding could influence
the expression of various inflammatory mediators, the
mRNA levels of these inflammatory mediators in splenic
tissue were determined at both days 3 and 7 post- MCMV
infection. Our data showed that the mRNA levels of IFN-
&, IFN-f5, IL-4, IL-6, IL-10, IL-12, CCL-2 and CCL-3 in the
spleen were comparable between DHA-fed and control
mice at day 3 post-MCMYV infection (Fig. 6B). At day 7
post-MCMYV infection, only the mRNA levels of IL-4
were moderately increased in the spleens of DHA-fed
mice compared with controls (Fig. 6C).

Overall, these data suggest that DHA feeding had a
minor effect on the levels of inflammatory cytokines at
the early stage of MCMYV infection.

Discussion

The effect of dietary w-3 PUFA supplementation on the
body’s antiviral capacity is still under debate. A recent
updated meta-analysis revealed that clinical omega-3
fatty acid supplementation is associated with favorable
outcomes in patients with sepsis [10]. Additionally, the
results of a recent pilot study of 100 patients infected with



Wu et al. BMC Immunology (2022) 23:17 Page 9 of 16
A e Control = DHA
T/B Cell gate on CD45" T Ce”f " B Cells e Control
10°1 4g60 1 31.00 . = * =~ 51, mDHA
] i o ¥ >
w0l | e ] , 60 ° = 601 =
Q .ox! o : x 1 .
103_: _ Q 40 i g 5 40 . ' \‘G:;
© . o : o ' o 5[
é o s 1 X 20 £ , Fh x 20 £
<007 | %870 4 |, 8840 z z :
t 0] 105 o 05 108 [0 Tos o e O 0 0T 0=
CD19
e Control m DHA CD4*T Cells CD8*T Cells
105 57.00 1 4830 25 . 8y —* g s Control
! ST -~ = DHA
104 ] . 26 2 6
3 i 5 S Eg X
] { % . =4 . = 4
] 0 2 3 2 .
o o1 ) - 2 o 2
O L1083 36.40 i 4120 5 2 . % xR 3 . I
086 100 10¢ {05 1050 100 104108 0+ T o 0 -
CD4 ’60\ 0‘?‘?“ %0\0\?&“ ‘60KQQ&~
00(\ OOQ OO(\
CD4*T Cells
1004 o
B ® Control = DHA 80 Control »
@ 1051530 12,50 24.70 17.30 = DHA -
= ] 3 60
8 104 : 1 O o = °
1 R R40- .
E 108 —— 5 204 ﬁ ﬁ
E El L]
o Of B i 0 ‘Ia T ml T
O otiqze | “7040/i297 | 5510 CD8'T Cells
] 14.50| 124.00 19.20| 1007
®» 105-;1.71 - 80 ® Control o
JORNRLUIE e (C - = DHA o
O ] g ] o601
L_d 103_; ‘ “ : 4 b 40+ kK
8 o1 ¢ i . |
Qo - — — 20
O 1007286, | . 77907229 | 5450 AL ﬁﬁ HF]
103 0 103 104 105 -10° O 10°® 10% 10 S ) T N
CD44 IR
Q" X QO
CO GRS \ )
F & & &
& L P
Fig. 5 The effects of DHA feeding on the cellularity and activation of T and B cells in the spleen at day 7 postinfection. A Flow cytometric analysis
and enumeration of total T cells (CD45TCD3~CD197), CD4™ T cells (CD45TCD3TCD19~CD4TCD8™), CD8™ T cells (CD45TCD3TCD19-CD4~CD8™)
and B cells (CD457CD3~CD19%) in the spleens of control versus DHA-fed mice. B Flow cytometric analysis and cumulative data indicating
the expression of CD62L and CD44 in CD4™ T and CD8™ T cells between control and DHA-fed mice. For each experiment, n=>5 to 9 pooled
from 2 independent experiments (A, B). Each symbol represents an individual mouse, and the blue dots and red square represent control and
DHA-enriched diet-fed mice, respectively. Error bars represent interquartile ranges; *p <0.05; **p < 0.01; ***p <0.001

SARS-CoV-2 suggested that higher levels of two major
-3 PUFAs, DHA and EPA, are negatively correlated
with the risk of COVID-19 mortality [42]. In the current
study, we found that supplementation with DHA, the
main component of »-3 PUFAs, led to a reduced acute
response to MCMYV infection, as indicated by increases
in weight loss and MCMV DNA load at day 7 postinfec-
tion (i.e., the early stage). However, DHA feeding did not

affect the later stage of MCMV clearance in C57BL/6
mice, as indicated by a lack of difference in viral load in
the salivary glands at day 14 postinfection. Additionally,
the pathological changes in both the spleen and liver and
the mRNA levels of inflammatory mediators in the spleen
were almost comparable between DHA-fed and control
mice at day 3 and day 7 postinfection. These findings



Wu et al. BMC Immunology (2022) 23:17 Page 10 of 16

A Relative IFN-a and IFN-B mRNA expression in pBL within 72h post MCMV infection

IFN-a
10° N ® Control 10°

: ;g = DHA

IFN-8
s <

< Z ® Control
1‘ < S o -
10- <4 10 Ta '.—E-l'-. DHA

2M(-ACt)
(-AcCt)

103 & 10

']0'1 T T T T 10'5 T
12h 24 h 48 h 72h 12h

24h  48h 72h

B Relative mMRNA expression in spleen at day 3 post MCMV infection
e Control mDHA

IFN- IL-4 IL-6 IL-10 IL-12 TNF-a CCL-2 CCL-3

1 02 101 101 101 101 100 10
b -

510 . 103 == = 102 {v,f 102 T.L 10- ‘I‘j{ 102 10"
© 103 103
,600\3\?*

IFN-B

2M-ACH)

102 104 104 ° 103 © 100 = 102

103 GRS 10 T v 10% T = 104 RS 104 R 1044 PR 104 GRS 103 -
C O O O O O L *\\0 N3
= = O S Q & O S O S S O S Q

C Relative MRNA expression in spleen at day 7 post MCMV infection
e Control mDHA

CCL-2 CCL-3
10 102

IFN-a IFN-8 IL-4 IL-6 IL-10 IL-12 TNF-a
100 102 1027 _4 107

. - 10" 10 o e 107
- % e R T 2o
- 102 ‘ﬁ 102 j5 3 102 10° 102 ‘} 102 &y 2 100 l‘%
% T 10- 10+ 103 10 10 108 * l» 10°% 1044
C v S 108 = 1041041 S 10— = 1041 :v 10— = 108 S
\«0 3 Sy O O¥ O <\° R \\° 3 \s° < O
OO(\ Q O & 00{\\ Q 00& Q OO(\‘ Q Q Q Q O
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both control and DHA-fed mice at days 3 (B) and 7 (C) postinfection were determined by RT-qPCR. Each symbol represents an individual mouse,
and the blue dots and red square represent control and DHA-enriched diet-fed mice, respectively. For each experiment, n=5 to 9 pooled from 3
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independent experiments (A-C). Error bars represent interquartile ranges. *p < 0.05; **p <0.01

suggest that DHA supplementation does not affect the
end of MCMYV clearance.

The results of one previous double-blind, placebo-
controlled study showed that daily consumption of 1 g
©-3 PUFA for six months reduces CD3 CD167CD56%
NK cell numbers in human pBL leukocytes, which was
inversely, correlated with the levels of DHA and EPA in
erythrocytes [29]. Consistently, our data revealed that
mice fed DHA for 3 weeks showed a reduced NK cells
frequency in the pBL at a steady state. However, DHA
feeding did not affect NK cell maturation or Ly49H" NK
cell frequency in the absence of MCMYV infection. Inter-
estingly, at day 7 postinfection, DHA-fed mice further
exhibited inhibited NK cell maturation and Ly49H" NK

cell expansion at this time point. In addition, DHA sup-
plementation also reduced the cell numbers and acti-
vation levels of T cells at day 7 postinfection. During
influenza virus infection, fish oil feeding also decreased
the numbers of NK cells and T lymphocytes in the lungs
[9]. Collectively, these data indicate that the reduced NK
cell numbers, especially the reduction in terminally dif-
ferentiated NK cells upon MCMYV infection, and reduced
T cell activation levels contribute to the reduced acute
response to MCMYV infection as a result of DHA feeding.
The mechanisms of DHA feeding resulting in reduced
NK cell numbers at a steady state and impaired NK cell
maturation upon MCMYV infection warrant further study.
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Notably, DHA-fed mice showed increased per cell
effector functions in NK cells, indicated by an enhanced
capacity for IFN-y production and direct cytotoxicity,
and increased expression of the cytotoxicity-related
molecule GZMB on NK cells at day 7 post-MCMV
infection. NK cell-derived IFN-y can directly induce
CD4%1 T cell differentiation into type I T helper cells,
facilitating the control of bacterial or virus infection
[18]. NK cell-derived IFN-y enhances direct NK-den-
dritic cell interactions, leading to the upregulation of
costimulatory molecules on DCs, resulting in enhanced
CDS8™ T cell effector function. Thus, the enhanced per-
cell effector function in NK cells may at least partly
compensate for the reduced total NK cell numbers,
inhibited maturation and Ly49" NK cells in the sub-
sequent clearance of MCMV-infected cells at the late
stage of MCMYV infection.

The increase in per-cell NK cell effector function by
DHA feeding could be explained by metabolic repro-
gramming, a key issue involved in regulating NK cell
activation and functional maintenance [33]. Our data
showed that the uptake of NK cell nutrients, indicated
by the enhanced uptake of the glucose analog 2-NBDG
and improved expression of the nutrient receptors
CD71 and CD98, was enhanced by DHA supplementa-
tion. The mitochondrial mass of NK cells in the mice
fed DHA was also significantly improved after MCMV
infection compared with that in the control mice. This
finding might indicate the direct effect of DHA or its
derivatives, such as resolvin D1 (RvD1) produced by
15-LOX and 5-LOX and MCTR1 catalyzed by 12-LOX,
on mitochondria. The consumption of DHA or other
-3 PUFAs could remodel the mitochondrial phospho-
lipidome and target mitochondrial enzymatic activity.
For example, DHA acts as an agonist of PPARY, which
can promote mitochondrial biogenesis and induce the
expression of genes encoding several key mitochondrial
enzymes within mitochondria [43]. Dietary supple-
mentation with fish oil for MCMYV infection promoted
mitochondrial biosynthesis in the liver cells of male
C57BL/6 mice [44]. Both RvD1 and MCTR1 have been
reported to improve mitochondrial biogenesis and
function induced by multiple adverse factors, such as
inflammation or high sugar levels [45-47].

Conclusions

In summary, DHA supplementation reduced NK cell
numbers at a steady state and impaired maturation
upon MCMYV infection, which may play an important
role in the inhibited early response to MCMYV infec-
tion. However, DHA feeding preserves NK cell effec-
tor functions by improving mitochondrial activity,
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guaranteeing sufficient subsequent MCMYV clearance
in the later stage of infection. Therefore, DHA supple-
mentation does not affect the end of MCMYV clearance,
and it is still acceptable to use DHA supplementation
for chronic disease prevention in the context of MCMV
infection.

Methods

Animals preparation

Five-week-old male wild-type (WT) C57BL/6] mice
were purchased from Hunan Sja Laboratory Animal
Co., Ltd. (Changsha, Hunan, China). All mice were
housed under specific pathogen-free conditions at the
Hunan Children’s Hospital Animal Facility on a 12-h
light/dark schedule with free access to food and water.
All animal procedures and protocols were approved
by the Animal Ethics Committee of Hunan Children’s
Hospital and followed the guidelines of the Institutional
Animal Care and Use Committees of Hunan Children’s
Hospital (Changsha, Hunan, China).

Virus stock preparation

The MCMV strain Smith (VR-1399) was a kind gift
from the College of Life Sciences, Hunan Normal Uni-
versity (Changsha, Hunan, China). Stocks of MCMV
Smith strain salivary gland extracts were prepared as
previously described [48]. The viral titer is expressed
in plaque-forming units (PFU)/mL. BALB/c mice were
injected intraperitoneally with 5 x 10® PFU virus parti-
cles and euthanized 2 weeks later. All mice were sacri-
ficed by cervical dislocation under anesthesia with 2%
pentobarbital sodium. The salivary glands were col-
lected and homogenized to obtain initial salivary gland-
derived MCMYV, and these steps were then repeated at

Table 1 Composition of experimental diets

Ingredient Control DHA
g/100g kcal/100g g/100g kcal/100g

Caisein 20.000 80.000 20.000 80.000
DL-Methionine 0.300 1.200 0.300 1.200
Dyetrose 12.000 48.000 12.000 48.000
Cornstarch 51.800 207.200 51.800 207.200
Soybean oil 6.200 55.800 3.720 33480
DHA 0.000 0.000 2480 22.320
Cellulose 5.000 0.000 5.000 0.000
Mineral mix #200,000 3.500 0.000 3.500 0.000
Vitamin mix #300,050  1.000 4.000 1.000 4.000
Choline bitartrate 0.200 0.000 0.200 0.000
Red dye 0.005 0.000 0.005 0.000
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least 3 times to obtain more virulent virus. PFUs were
quantitated by a simple plaque-forming cell assay on
3T3 fibroblasts provided by Dr. Chen Ze (College of
Life Sciences, Hunan Normal University, Changsha,
Hunan, China) as previously described [49].

DHA diet and CMV infection

Five-week-old male C57BL/6] mice consumed a control
diet (D200208, Research Diets) or a diet containing DHA
at physiological levels (2.48% DHA, D201124, Research
Diets) ad libitum for 3 weeks (the ingredients of the diets
are listed in Table 1). Following 3 weeks of dietary treat-
ment, the mice were infected with MCMYV by intraperi-
toneal injection (3 x 10* PFU, diluted in 200 L of PBS).
The mice were weighed following infection, and the per-
cent weight loss at days 0, 3, 7, 9, 14 and 21 after MCMV
infection was calculated by comparison with the starting
weight. Mice were subjected to dislocation under anes-
thesia by 2% pentobarbital sodium at days 3, 7 or 21 after
MCMY infection for subsequent studies.

Quantification of MCMV /e-1 DNA levels in the liver

and spleen by real-time quantitative PCR (qPCR)

Ten milligrams of fresh liver and spleen tissues were cut
into small pieces and placed in a 1.5-ml microcentrifuge
tube. DNeasy Blood & Tissue Kits (QIAGEN, 69504) were
used to rapidly purify of the total DNA. The DNA concen-
tration was tested by biodrop (Biodrop uLite PC) for each
sample. Real-time qPCR was performed using Bestar®
SYBR Green qPCR Master Mix (DBI Bioscience, San
Diego, CA, United States) with a Roche LightCycler® 480
II. A standard curve was created by comparing Cq values
to 10 serial dilutions of the Jel plasmid with R*=0.9953
(Additional file 1: Fig. S3). The number of copies (le-1)
was calculated by comparing the Cq values to the stand-
ard curve and dividing by the concentration. The primer
sequences specific for the immediate early gene (le-1) used
for qPCR were designed by Primer Bank and are as follows:
MCMV Ie-1 Forward, 5-GAGTCTGGAACCGAAACC
GT-3' Reverse, 5-GTCGCTGTTATCATTCCCCAC-3'
[25]. The PCR reaction mixture was adjusted to 10 pL, 5 puL
2 x SYBR Green pro taq HS Premix, 0.2 uM primers, 1 pL
DNA extraction, 3.6 uL RNase free water. The amplification
program was as follows: 30 s at 95 °C for denaturation, 40
cycles that consisted of a step at 95 °C for 5 s followed by
60 °C for 30 s for annealing and 30 s at 72 °C for extension.

Pathological evaluation of spleen and liver tissues

The liver and spleen were removed at day 7 postinfec-
tion and fixed with 10% phosphate-buffered formalin,
paraffin-embedded, cut into 4-pum sections, and stained
with hematoxylin and eosin, as described previously [50].
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The pathological score for each slide was calculated by an
anatomopathologist blinded to the sample information,
as previously described [25]. Briefly, for grading of spleen
inflammation, scores of 0, 1, 2, 3, and 4 were assigned,
indicating normal, mild (multifocal pyogranulomas in
marginal zones), moderate (locally coalescing pyogranu-
lomas in marginal zones with small necrotic foci), sub-
stantial (large and coalescing pyogranulomas throughout
the splenic parenchyma with extensive necrotic foci, the
periarteriolar lymphoid sheath preserved), and severe
(extensive necrotic and pyogranulomatous foci, the peri-
arteriolar lymphoid sheath partially replaced by necrotic
and granulomatous inflammation), respectively. For liver
inflammation grading, scores of 0, 1, 2, 3, and 4 were
assigned, indicating normal, mild (multifocal pyogranu-
lomatous hepatitis with scattered single necrotic hepato-
cytes); moderate (multifocal to coalescing necrotic and
pyogranulomatous hepatitis with intranuclear inclusions
in hepatocytes); and substantial (coalescing necrotic and
pyogranulomatous hepatitis with intranuclear inclusions
in hepatocytes), respectively.

Preparation of single-cell suspensions and counts

Single-cell suspensions were prepared from the BM,
spleen, pLNs, liver and pBL as previously described. pBL

Table 2 Antibodies for flow cytometry

Antibody Clone Source Identifier
Anti-mouse-NK1.1 PK136 BioLegend Cat#108708
Cat#108753
Anti-mouse NKp46 29A14 BioLegend Cat#137618
Cat#137608
Anti-mouse CD11b M1/70 BioLegend Cat#101228
Anti-mouse KLRG1 2F11KLRG1 BiolLegend Cat#138414
Anti-mouse CD62L MEL-14 BioLegend Cat#104438
Anti-mouse CD45 30-F11 BioLegend Cat#103154
Anti-mouse CD3 17A2 BiolLegend Cat#100216
Cat#100320
Anti-mouse CD19 605 BioLegend Cat#115520
Cat#115528
Anti-mouse GZMB GB11 BiolLegend Cat#515406
Anti-mouse perforin  S1T6009A BioLegend Cat#154306
Anti-mouse CD27 LG 3A10 eBioscience Cat#124229
Anti- mouse CD16/32  24G2 BD Biosciences Cat#553141
Anti-mouse Ly49H 3D10 BD Cat#744262
Anti-mouse CD4 RM4-5 BD Cat#550954
Anti-mouse CD8a 53-6.7 BD/Biolegend Cat#553030
Cat#563898
Anti-mouse CD71 2 BD Cat#553266
Anti-mouse IFN-y XMG1.2 BD Cat#554411
Anti-mouse CD98 RL388 Invitrogen Lot#2074373
Anti-mouse CD44 IM7 BioLegend Cat#103044
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was treated with erythrocyte lysate. The BM, spleens,
pLNs and livers were ground and passed through a 40-um
nylon filter. The obtained liver cells were resuspended in
40% Percoll in RPMI 1640 medium containing 5% FBS
and then centrifuged (2000 rpm, 4 °C, 5 min). Cell pel-
lets were resuspended in RPMI 1640 medium containing
5% FBS. The cells from each tissue were counted with an
automated cell counter (Countstar IC1000).

Flow cytometry

All antibodies purchased for flow cytometry are listed
in Table 2. Standard protocols were followed for flow
cytometry, as previously described [51]. All flow cytom-
etry experiments were carried out on a BD LSRFortessa""
cell analyzer, and data were analyzed with FlowJo
software.

Briefly, to detect surface markers, cells were stained
with antibodies in staining buffer (phosphate-buffered
saline (PBS) containing 2% mouse serum, 2% horse
serum, and anti-CD16/CD32 blocking antibodies) in
the dark for 15 min at room temperature. For intracel-
lular IFN-y staining, cells were stimulated with phor-
bol 12-myristate 13-acetate (PMA) and ionomycin
(eBioscience) plus BD Golgi Plug™ and Golgi Stop" pro-
tein transport inhibitor (BD Biosciences) for 4 h, and the
cells were then stained with reagent from a Fixation/Per-
meabilization Solution Kit (BD Biosciences) following the
manufacturer’s instructions.

For intracellular proteins (including granzyme B and
perforin), cells were stained with surface antibodies, per-
meabilized with reagent from a Foxp3/Transcription Fac-
tor Staining Buffer Set Kit (eBioscience), and then stained
with anti-granzyme B and anti-perforin antibody or iso-
type-matched control antibody.

To determine the direct cytotoxicity of NK cells in both
DHA-fed/unfed mice after MCMYV infection, purified NK
cells were sorted (purity > 95.0%) from the spleen of both
DHA-fed and control mice at day 7 after MCMYV infec-
tion. YAC-1 cells were labeled with CTV (5 uM, Thermo
Fisher Scientific, Waltham, United States) according to
the manufacturer’s instructions. After washing, 5000
labeled YAC-1 cells were cocultured with the above puri-
fied NK cells for 6 h at an effector-to-target (E:T) ratio of
16:1 [52]. Target NIH-3T?3 cells were infected with 3 PFU/
cell MCMV [53], and 16 h later, these cells were labeled
with CTV followed by coculture with purified NK cells
as performed for the YAC-1 cell coculture. Specific lysis
of target cells was assessed by staining each sample with
1 pg/ml 7-AAD (BD) and measuring by an LSRFortessa
cell analyzer. As a control, samples containing only tar-
get cells were stained with 7-AAD to measure spontane-
ous cell death. NK cell cytotoxicity was calculated by the
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following formula, as previously described: [(% CTV*
7-AAD™ cell specific lysis —%CTV* 7-AAD™ cell spon-
taneous lysis)/(100— % CTV*' 7-AAD™ cell spontaneous
lysis)] x 100 [53-55]. All groups were tested in triplicate.

To determine the glucose uptake capacity of NK cells,
the cells were cultured with prewarmed (37 °C) RPMI
1640 medium (Life Technologies) containing 100 pM
2-(N-(7-nitro-benz-2-oxa-1,3-diazol-4-yl) amino)-2-de-
oxyglucose (2-NBDG, a fluorescent glucose analog) (Inv-
itrogen) for 10 min at 37 °C in the dark.

To determine mitochondrial activity, splenic cells were
cultured (37 °C, 30 min) with prewarmed (37 °C) RPMI
1640 medium containing 20 nM MitoTracker® Green
FM (Invitrogen) or tetramethylrhodamine ethyl ester
(TMRM) (Invitrogen) in the dark.

Quantitation of spleen mRNA cytokine and chemokine
levels

Mouse peripheral blood cells were collected 12 h, 24 h,
48 h and 72 h after MCMYV infection and treated with
red blood cell lysis buffer before RNA extraction with the
total RNA purification Micro Kit (NORGEN Cat.35300).
The spleens were removed from DHA-fed and control
mice at day 7 postinfection. The TRIzol method was used
to isolate total RNA, and reverse transcription (RT) was
conducted with Evo M-MLV RT Premix for qPCR (Accu-
rate Biology). The mRNA levels of I[FN-a, IFN-3, IL-4, IL-
6, IL-10, IL-12, TNF-a, monocyte chemotactic protein-1
(MCP-1, also referred to as CCL-2) and macrophage
inflammatory protein-1-a (MIP-1a, also called CCL3)
were measured using real-time RT-qPCR. The primer
sequences we used for IFN-a could simultaneously detect
the mRNA expression of four subtype of IFN-a in mouse,
including IFN-al, IFN-a2, IFN-a7, and IFN-all [40,
56]. The PCR reaction mixture was adjusted to 10 uL,
5 puL 2 x SYBR Green pro taq HS Premix, 0.2 uM prim-
ers, 1 uL. DNA extraction, 3.6 pL RNase free water. The
amplification program was: 30 s at 95 °C for denatura-
tion, 40 cycles that consists of a step at 95 °C for 5 s fol-
lowed by 60 °C for 30 s for annealing and 30 s at 72 °C for
extension. The Ct values were normalized to the inter-
nal control. RNA levels were calculated by the following
expression: (272, The primer pairs used for RT-qPCR
are listed in Table 3.

Statistical analysis

The sample size was 3-9 per group, and two or three
independent experiments were performed for each
experiment. Statistical analysis was carried out using
SPSS 23.0 (Chicago, IL, United States). The data in this
study are expressed as the Median with an interquartile
range. If the data were normally distributed, an unpaired
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Table 3 Primers of cytokine and chemokine

Primer Sequence (5'-3) References
TNF-o-F TGCCTATGTCTCAGCCTCTTC [57]
TNF-a-R GGTCTGGGCCATAGAACTGA [57]
IL-4-F GGCATTTTGAACGAGGTCACA [58]
IL-4-R AGGACGTTTGGCACATCCA [58]
IL-6-F TGTGCAATGGCAATTCTGAT [57]
I-6-R GGTACTCCAGAAGACCAGAGGA [57]
IL-10-F GCTCTTACTGACTGGCATGAG [59]
IL-10-R CGCAGCTCTAGGAGCATGTG [59]
IL-12-F GAGGTGGACTGGACTCCC [60]
IL-12-R GCAGGGAACACATGCCCA [60]
IFN-a-F TGTCTGATGCAGCAGGTGG [56]
IFN-a-R AAGACAGGGCTCTCCAGAC [56]
IFN-B-F CTGGCTTCCATCATGAACAA [61]
IFN-B-R CATTTCCGAATGTTCGTCCT [61]
MCP-1-F TTAAAAACCTGGATCGGAACCAA [62]
MCP-1-R GCATTAGCTTCAGATTTACGGG (62]
MIP-1a-F ATGAAGGTCTCCACCACTGCCCTTG (63]
MIP-1a-R GGCATTCAGTTCCAGGTCAGTGAT [63]
le-1-F GAGTCTGGAACCGAAACCGT [25]
le-1-R GTCGCTGTTATCATTCCCCAC [25]
GAPDH-F AGGTCGGTGTGAACGGATTTG [64]
GAPDH-R TGTAGACCATGTAGTTGAGGTCA [64]

two-tailed Student’s t-test was used to analyze the dif-
ferences between two independent groups. Otherwise,
a two-tailed Mann—Whitney U test was used to analyze
the differences, and differences with a p-value <0.05
were considered significant. All graphs were generated
by GraphPad Prism 8.0 (GraphPad Software Inc., La Jolla,
CA, United States).

Abbreviations

DHA: Docosahexaenoic acid; NK cells: Natural killer cells; CMV: Cytomegalo-
virus; MCMV: Murine cytomegalovirus; PUFAs: Polyunsaturated fatty acids;
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