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Hindlimb unloading, a physiological model =

of microgravity, modifies the murine bone
marrow IgM repertoire in a similar manner
as aging but less strongly
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Abstract

Background The spaceflight environment is an extreme environment that affects the immune system of approxi-
mately 50% of astronauts. With planned long-duration missions, such as the deployment of the Lunar Gateway

and possible interplanetary missions, it is mandatory to determine how all components of the immune system are
affected, which will allow the establishment of countermeasures to preserve astronaut health. However, despite being
an important component of the immune system, antibody-mediated humoral immunity has rarely been inves-
tigated in the context of the effects of the space environment. It has previously been demonstrated that 30days
aboard the BION-M1 satellite and 21 days of hindlimb unloading (HU), a model classically used to mimic the effects

of microgravity, decrease murine B lymphopoiesis. Furthermore, modifications in B lymphopoiesis reported in young
mice subjected to 21 days of HU were shown to be similar to those observed in aged mice (18-22 months). Since

the primary antibody repertoire composed of IgM is created by V(D) J recombination during B lymphopoiesis,

the objective of this study was to assess the degree of similarity between changes in the bone marrow IgM repertoire
and in the V(D)J recombination process in 2.5-month-old mice subjected to 21 days of HU and aged (18 months) mice.

Results We found that in 21 days, HU induced changes in the IgM repertoire that were approximately 3-fold

less than those in aged mice, which is a rapid effect. Bone remodeling and epigenetics likely mediate these changes.
Indeed, we previously demonstrated a significant decrease in tibial morphometric parameters from day 6 of HU

and a progressive reduction in these parameters until day 21 of HU, and it has been shown that age and microgravity
induce epigenetic changes.

Conclusion These data reveal novel immune changes that are akin to advanced aging and underline the importance
of studying the effects of spaceflight on antibody-mediated humoral immunity.
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showed that 46% of them encountered immunological
problems such as hypersensitivities and infections [1].

However, despite being an important component of
the immune system, antibody-mediated humoral immu-
nity has rarely been investigated in the context of the
effects of the space environment. Some studies have
suggested that humoral immunity might be affected
during a space mission, even though spaceflight and a
ground-based analog of spaceflight (6° head-down tilt
bed rest) did not have a major impact on human B-cell
homeostasis [2, 3]. Indeed, it was recently shown that
the IgM repertoire of two out of five analyzed cosmo-
nauts was significantly modified during and after a pro-
longed mission on the ISS [4]. Another recent study
suggested a trend toward reduced murine antibody
binding site diversity as a result of spaceflight [5]. Other
studies revealed that hindlimb unloading (HU), a physi-
ological model of microgravity [6], affects the murine
antibody repertoire after vaccination [7, 8]. Similarly, it
was shown that a 5-month spaceflight affects amphibian
antibody production in response to antigen stimulation
[9-11] and reduces the frequency of somatic hypermu-
tation that diversifies antibody binding sites to improve
their affinity for the antigen [12].

The creation of a diverse antibody repertoire, which
is essential for effective host protection, requires the
V(D)J recombination process that takes place during B
lymphopoiesis in adult bone marrow. V(D)] recombina-
tion associates antibody gene segments to create anti-
body genes. For example, to create a heavy-chain gene,
it associates a variable (IGHV), a diversity (IGHD) and
a joining (IGHJ) gene segment. This recombination is
mediated by several effectors. The recombination-acti-
vating gene 1 and 2 (RAG1/2) proteins interact with
recombination signal sequences (RSSs) situated in the
3' region of IGHYV, on both sides of IGHD and in the 5’
region of IGH] segments and cause DNA breaks between
coding IGHV, IGHD or IGH] segments and the non-
coding RSS, leading to the formation of hairpin-sealed
coding ends [13]. Then, the Artemis protein complex
opens hairpin loops, eventually creating palindromic
sequences corresponding to short inverted repeats of the
segment terminal sequence [14], and terminal deoxynu-
cleotidyl transferase (TdT) adds nontemplated nucleo-
tides to coding ends. This is followed by hybridization
of single-stranded DNA on a few nucleotides, removal
of overhangs, and ligation. The end product is the third
complementarity-determining region (CDR3) of heavy
chains, which is a highly variable region harboring many
of the antigen binding sites.

Interestingly, it was demonstrated using larvae of
the amphibian P. waltl that developed on the ISS [15],
mice subjected to 21days of HU [16], and mice that
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spent 30days aboard the BION-M1 satellite [17] that
B lymphopoiesis is decreased in real and simulated
microgravity. Furthermore, Lescale et al. [16] showed
that 21 days of HU led to a decrease in murine B lym-
phopoiesis that was markedly similar to that observed
in aged (18-22months) mice. These authors showed
that, as in aged mice, HU induced a decrease in pro-B
and pre-B cells. Furthermore, they found that this
decrease was associated with impaired IL-7 signaling
in murine pro-B cells, as previously reported in aged
mice [18].

Given that the assembly of antibody heavy-chain gene
segments by V(D)] recombination occurs at the pro-B
stage [19] and that IL-7 signaling profoundly influences
IGHV segment selection during V-to-D] recombina-
tion [20], we wondered whether HU would affect the
murine bone marrow IgM repertoire and V(D)] recom-
bination in the same manner as aging. The objective of
this study was therefore to assess the degree of simi-
larity between changes in the bone marrow IgM rep-
ertoire and in the V(D)J recombination process in HU
and aged mice. Our results reveal that 21days of HU
and aging altered the bone marrow IgM repertoire in
a similar manner, but the effect of aging was stronger.
They also show that changes in the use of antibody gene
segments in mice subjected to 21 days of HU could not
be attributed to a change in the V(D)] recombination
process or to a stress response.

Results

Evaluation of stress in aged and HU mice

To evaluate the stress response, we quantified serum cor-
ticosterone, the major stress hormone in rodents, and
glucocorticoid receptor (NR3C1) transcripts in the bone
marrow because circulating and locally produced gluco-
corticoids can impact lymphopoiesis [21]. No difference
in corticosterone concentration between control and HU
mice was observed (Fig. 1A), as previously reported after
3weeks of HU [16, 22]. There was a significant decrease
in corticosterone concentration in aged mice, but the
corticosterone concentrations remained close to those
observed in unstressed mice (approximately 50 ng/mL,
according to the literature). Figure 1B shows that there
was no significant change in the relative expression of
NR3C1 mRNAs in HU and aged mice. Taken together,
these results suggest that our four groups of mice were
nonsignificantly stressed, if at all.

Impact of aging and HU on pro-B and pre-B cells

The impact of aging and HU on pro-B and pre-B cells was
determined by flow cytometry. Significant decreases in
both subpopulations were noted in both groups (Fig. 2).
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Fig. 1 Evaluation of stress in HU and aged mice. A Corticosterone concentrations in sera, determined by ELISA, in control vs. HU (=10 in each
group) and young vs. aged mice (n=19 in each group). B Quantification, by quantitative real-time PCR, of NR3C1T mRNAs in the bone marrow

of control vs. HU (n=24 in each group) and young vs. aged mice (n=27 in each group). This transcript encodes the glucocorticoid receptor. mRNA
levels were normalized to those of 3 housekeeping transcripts. The relative value obtained with controls or young mice was set to 1. Data are shown
as the means + SDs. Statistically significant differences were found using Mann-Whitney or unpaired t tests. ***p <0.001

These results are consistent with the findings of the Effects of aging and HU on the repertoire of IgM heavy
study by Lescale et al. [16], thereby validating our HU  chains

procedure and confirming that this treatment induces a  To investigate how HU and aging affect the IgM rep-
decrease in the abundance of pro-B and pre-B cells. We  ertoire, we constructed libraries of IgM heavy-chain
also noted that pro-B and pre-B cells were more strongly =~ ¢cDNAs from the bone marrow of HU and aged mice and
affected by aging than by HU. from the bone marrow of corresponding 3.5-month-old
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Fig. 2 Quantification of pro-B and pre-B cells in the bone marrow of HU and aged mice. A, B, C Gates designed to identify pro-B and pre-B cells.
These cells were identified based on the expression of the following markers: pro-B (CD19+/B220low/CD43+/IgM-) and pre-B (CD19+/B220low/
CD43—/IgM-). A Selection of CD19+ lymphocytes from viable bone marrow cells. B Among CD19+ lymphocytes, cells could be divided into B220
high and B220 low populations. C In the B220 low population, depending on the expression of CD43 and IgM, the pro-B (CD43+/IgM-) and pre-B
(CD43-/IgM-) populations could be distinguished. D, E Frequencies of pro-B and pre-B cells in the bone marrow of control (n=14) vs. HU (n=13)
(D) and young (n=13) vs. aged (n=13) (E) mice. Data are shown as the means + SDs. Statistically significant differences were found using Mann-

Whitney or unpaired t tests. *p < 0.05; **p <0.01; ***p <0.001

controls (Control and Young groups). These libraries were
subjected to high-throughput sequencing. Only func-
tional sequences with unique CDR3s, the most diverse
part of Ig transcripts, were retained to eliminate potential
PCR biases and clonal expansions. We obtained 10,406 to
27,241 unique sequences per sample, of which 16-18%
were nonfunctional. These nonfunctional sequences
were not further considered, as the purpose of this study
was to determine the impact of aging and HU on the
expressed IgM repertoire. We also assessed the efficiency

of the strategy used to create our libraries by determin-
ing the number of functional IGHV gene segments in our
datasets. The International Immunogenetics Information
System (IMGT) predicts 125 functional IGHV gene seg-
ments in the murine immunoglobulin heavy chain locus
(IGH) located on chromosome 12 [23]. Additional file 1
shows that 130 functional IGHV gene segments were
detected in our datasets. We are therefore confident that
our libraries provide an accurate picture of IGH rear-
rangements. This is supported by previous studies that
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have shown that detected IGHV gene segments assessed
without amplification parallel the repertoires reported
using more focused amplification methods [24, 25].

To determine how aging and HU affect the IgM rep-
ertoire, dispersion indexes (DIs) were calculated. These
indexes vary from 0 (no diversity) to 1 (greatest diver-
sity). Because the two independent HU experiments and
the study of aged mice could not be performed simulta-
neously, several 3.5-month-old control groups had to be
used. Thus, we first checked the stability of the bone mar-
row IgM heavy chain repertoire in these control groups.
The lack of significant difference in DIs for the use of
IGHYV, IGH]J, and IGHD segments (Additional file 2),
the similarity in CDR3 lengths (Additional file 3A), and
the similar amino acid composition of CDR3s of 11 to
14 aa (Additional file 3B), except the 13 aa CDR3s for
which a small statistically significant difference in DI of
0.02+£0.01 (mean+SD) was noted, indicates the stability
of the bone marrow IgM heavy-chain repertoire in the
3.5-month-old C57BL/6] control groups. Then, we com-
pared DIs for unique VD] associations in the bone mar-
row of control vs. HU and young vs. aged mice. Figure 3A
shows that the IgM repertoire of HU and aged mice was
different from that of the corresponding 3.5-month-old
controls. We also studied the usage of IGHV, IGHD and
IGH] segments. Figure 3B shows that the use of IGHV
segments was modified in HU and aged mice, but with
greater modification in aged mice (difference in DI of
0.06 £0.024 (mean+SD) in HU mice and difference in
DI of 0.16 £0.04 in aged mice versus the corresponding
3.5-month-old controls), while the use of IGHD segments
(Fig. 3C) was modified only in aged mice, and no statisti-
cally significant modification of IGH] segment usage was
found in either group (Fig. 3D). Taken together, these
data show that aging and HU modify the IgM repertoire
in the bone marrow, that these modifications are mainly
due to changes in the use of IGHV segments and that,
within 21days, HU induces changes in the IgM reper-
toire that are approximately 3-fold less than those in aged
mice, which is a rapid effect.

IGHV segment usage according to their position

in the murine IGH locus

An important parameter in the choice of IGHV segments
during V(D)J recombination is the location of the seg-
ment on the locus, which is subdivided into 3 zones (from
5' to 3" distal, median, and proximal) (Fig. 4A) [26, 27].
Of the 130 functional IGHV segments detected in our
libraries, 62% belonged to the distal zone, 26% belonged
to the median zone, and 12% were part of the proximal
zone. These distal, middle and proximal functional IGHV
segments were present in 44—48%, 43-50% and 6-9%
of the unique VD] associations found in our libraries,
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respectively (Fig. 4B). This observation confirms a bias
in the use of IGHV segments during V(D)] recombina-
tion. Consequently, we investigated the effects of aging
and HU on IGHYV segment usage based on the zones that
these segments belonged to. Figure 4C shows that the use
of distal IGHV segments was modified in HU and aged
mice. Modification of median IGHV segment usage was
noted in aged but not in HU mice (Fig. 4D), while there
was no difference in proximal IGHV usage (Fig. 4E).
These data suggest that the changes in IGHV segment
usage in HU mice depicted in Fig. 3B mainly resulted
from changes in the use of distal IGHV segments, while
changes in IGHV segment usage in aged mice were due
to changes in the use of IGHV segments belonging to the
distal and median zones of the murine /GH locus.

Potential impact on immunity

To assess the consequences of changes in IGHV and
IGHD segment usage on the antigen recognition capa-
bilities of IgM from HU and aged mice, we studied CDR3
length (Fig. 5A and B) as well as the amino acid (aa) com-
position of the most frequent CDR3s (Fig. 5C and D).
Indeed, the heavy-chain CDR3 is a major contributor to
the antibody binding site because it encodes the longest
and most variable loop composing this site. Figure 5A
shows that HU mice did not present significant variation
in CDR3 length, except for 21-aa CDR3s, which are rare.
However, in aged mice (Fig. 5B), there was a significant
decrease in the frequency of sequences with a CDR3 of
7,8, 9,11, and 18 aa and a significant increase in the fre-
quency of sequences with a CDR3 of 14 and 20 aa. These
data suggest an increase in CDR3 length with age, as
previously observed by others [28]. In addition to CDR3
length, we analyzed the aa composition of the most fre-
quent CDR3s (11 to 14 aa). Figure 5C and D show that
changes in the amino acid composition of these CDR3s
occurred in both HU and aged mice, suggesting that IgM
binding site specificities are likely affected in these two
groups of mice.

Effects on V(D)J recombination

To try to understand in the reasons underlying the
changes in IGHV and IGHD usage, we studied the
effects of HU and aging on V(D)] recombination. We
first quantified RAG1, TdT and Artemis mRNAs in the
bone marrow of mice from the different groups in this
study. Figure 6 shows that the relative expression of
transcripts encoding two of these three major effectors
of V(D)J recombination, RAG1 and TdT, was signifi-
cantly reduced in aged but not in HU mice. Then, we
studied imprints left in IgM heavy-chain transcripts by
RAG1/2, Artemis and TdT during the V(D)] recombi-
nation process. When the RAG1/2 complex cuts DNA
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Fig. 3 The IgM repertoire of HU and aged mice was different from that of the corresponding 3.5-month-old controls. A Dispersion indexes

for unique VDJ associations in the bone marrow of control vs. HU and young vs. aged mice. B, C, D Dispersion indexes for IGHV (B), IGHD (C)

and IGHJ (D) segment usage in the bone marrow of control vs. HU mice and young vs. aged mice. Data are shown as the means + SDs of 4 groups,
each comprising 5 mice (N=4, n=5). Statistically significant differences were found using one-way ANOVA followed by a Tukey—Kramer post hoc

test. *p < 0.05; **p <0.01; ***p<0.001; n.s., nonsignificant

during V(D)J recombination, some nucleotides (nt)
can be deleted at the 3' end of IGHV, on both sides of
IGHD and at the 5' end of IGH] segments [29]. Thus,
we studied the trimmed IGHV and IGH] segments as
well as IGHD length. Figure 7A, B and C show that
these three signatures were not significantly affected
in HU mice. However, one of them (IGHD length) was
affected in aged mice. We also determined the fre-
quencies of sequences according to the length of IGHD

segments. Figure 7D shows that except in sequences
containing IGHD segments of 13 nucleotides, there
was no difference between the HU group and the cor-
responding controls. In contrast, aged mice showed a
significant decrease in the number of sequences with
an IGHD segment of 4 to 9 nucleotides and a sig-
nificant increase in the number of sequences with an
IGHD segment of 14 and 16 nucleotides (Fig. 7E). This
suggests that with aging, the RAG1/2 complex removes
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Fig. 4 IGVH segment usage according to their location on the murine /GH locus. A Schematic presentation of distal, median and proximal IGHV
segments on the murine IGH locus. B Percentage of IGHV segments belonging to the distal, median and proximal areas in our four groups of mice.
C, D, E Dispersion indexes for distal (C), median (D), and proximal (E) IGHV segment usage in control vs. HU and young vs. aged mice. Data are
shown as the means + SDs of 4 groups, each comprising 5 mice (N=4, n=5). Statistically significant differences were found using one-way ANOVA
followed by a Tukey—Kramer post hoc test. *p <0.05; ***p <0.001; n.s., nonsignificant

fewer nucleotides at the ends of IGHD segments. We
also analyzed palindromes created by Artemis during
V(D)] recombination. The percentage of sequences
without or with palindromes at IGHV-IGHD junctions
was not affected by aging or HU (Fig. 8A). However,
a significant increase in the frequencies of sequences
with palindromes at IGHD-IGH] junctions was

observed in aged but not in HU mice, thereby indicat-
ing that the action of Artemis could be modified by
aging. Finally, we examined nongenomic nucleotides
added by TdT (Fig. 8B) and noted that aged mice pre-
sented an increase in the percentage of sequences with
>7 added nucleotides, while no change was noted in
HU mice. The action of TdT is therefore also likely
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affected by aging but not by HU. Taken together, these
results indicate that the V(D)] recombination process
is unlikely to be affected by 21days of HU, while it is
likely affected by aging. Thus, changes in IGHV usage
observed in mice subjected to 21 days of HU (Fig. 3B)
cannot be attributed to a change in the V(D)] recombi-
nation process.

Discussion

To our knowledge, this is the first time that the bone
marrow IgM repertoire of aged (18 months) C57BL/6]
mice has been studied by high-throughput sequencing.
As this mouse strain is a model used in many research
fields (a PubMed database search on June 05, 2023, found
25,982 results containing the word C57BL/6]) [30], these
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high-throughput sequencing data deposited in the NCBI
Sequence Read Archive could [31], beyond the purpose of
this study, be useful to the scientific community at large.

HU modifies the bone marrow IgM repertoire but has a
weaker effect than aging

The effects of four weeks of HU on the bone marrow
antibody repertoire of five 2.5-month-old unimmunized
female C57BL/6] mice were previously studied [7]. As

noted here, this study reported changes in heavy-chain
gene segment usage and combinations. Interestingly,
modifications in the use of multiple IGHV, IGHD and
IGH] gene segments in splenic B cells and significant
differences in B-cell repertoires of class-switched B cells
(antigen-experienced B cells) were also reported in these
mice [8]. These results combined with ours show that the
antibody repertoire is affected by HU both in the bone
marrow and the periphery in both sexes of the same
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mouse strain, although the age (2.5 vs. 3.5months) and
HU duration (4weeks vs. 3weeks) were not the same. In
contrast, a short spaceflight (21-22days) had no statisti-
cally significant effect on the antibody repertoire of five
unimmunized 8.7-month-old female C57Bl/6Tac mice
[32], while changes in the IgM repertoire of cosmonauts
(median age of 48+ 2years) involved in long-duration
space missions (ranging from 124 to 186 days) on the ISS

were noted on an individual basis [4]. This suggests that
the effect of spaceflight on the antibody repertoire could
be conditioned by flight duration. A trend toward a lower
diversity of the antibody repertoire in these C57Bl/6Tac
mice that underwent spaceflight was suggested [5], as
noted in aged mice [33]. Repertoire diversity is deter-
mined by two separate factors: the number of distinct
B-cell lineages present and the number of different
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somatic mutations existing within each lineage [34].
Given our approach based on the amplification of VD]
rearrangements contained in IgM heavy chain mRNAs
and the selection of unique CDR3s, the number of dis-
tinct B-cell lineages could not be determined. Indeed, a
lineage or clone is defined as a set of sequences derived
from the same putative VD] rearrangement event, identi-
fied by requiring sequences to have the same IGHV seg-
ment, the same IGH] segment, the same CDR3 length,
and 90% similarity in the CDR3 [34]. Thus, we cannot
make any conclusions regarding the effects of HU on IgM
repertoire diversity. However, we observed increases in
mean DIs for unique VD] associations in HU and aged
mice compared to their respective controls. This obser-
vation could be explained by an increase in the mutation
rate in CDR3s, as in elderly individuals’ B-cell repertoires
[35, 36]. Indeed, our data show that HU and aging change
the amino acid composition of the most frequent CDR3s.

Our results also show that aging reduces the expres-
sion of transcripts encoding two major effectors of the
V(D)J] recombination process. These observations are
consistent with previous works that have shown that the
expression of RAG1 significantly decreases with age in
human pro-B cells [37], that the percentage of pro-B cells
expressing RAG2 is reduced in aged mice [38] and that
there is an age-associated decline in TdT in humans and
mice [39].

In addition to the effects on the bone marrow IgM
repertoire, decreases in B-cell responses have previously
been reported in HU [22] and aged mice [40], with a
reduction in affinity maturation of antibodies, as noted
when adult amphibians (P. waltl) were immunized during
a 5-month spaceflight [12]. Furthermore, age is known
to reduce the capacity to respond to vaccinations [35],
and HU has been shown to delay and decrease murine
antibody production in response to Pseudomonas aer-
uginosa infection [41]. Combined with the modification
in the bone marrow IgM repertoire reported in the pre-
sent study and our previous observation that HU leads
to decreased B lymphopoiesis, similar to aging [16],
these data reinforce the idea that, as suggested by Strollo
and Vernikos [42], microgravity accelerates age-related
processes.

Thus, alterations in the antibody repertoire combined
with other immune alterations, such as persistent low-
grade systemic inflammation [43-46] and changes in
immune cell function [46—-51], could increase the clinical
impacts of spaceflight on the immune system. Indeed, it
was shown that a 5-month spaceflight negatively affected
amphibian antibody production in response to antigen
stimulation [9-12] and that a prolonged mission on the
ISS significantly modified the IgM repertoire of some
cosmonauts [4]. Antigen challenge experiments will be
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necessary to elucidate the consequences of changes in
the antibody repertoire on immunocompetence during
extended space missions.

Likely causes of IgM repertoire changes

Stress is an unlikely to cause these changes, as we did not
observe increases in serum corticosterone concentration
in HU and aged mice or changes in the level of NR3C1
transcripts that should decrease in response to stress
[52]. Although we cannot rule out a transient increase in
corticosterone in the first days of HU, this is unlikely to
explain changes in the bone marrow antibody repertoire.

Age- and HU-associated bone remodeling is a highly
probable contributor to changes in the antibody reper-
toire, as we previously demonstrated that 21 days of HU
induced changes in tibial trabecular microarchitecture
that were similar but less pronounced than those that
occurred with age [16]. Indeed, B-cell progenitors depend
on distinct bone marrow niches at different stages of dif-
ferentiation [53]. Given that HU, similar to aging, leads
to an imbalance between bone formation and resorp-
tion with a net loss of bone mass, it is very likely that HU,
similar to aging, negatively affects endosteal niches and,
consequently, committed B progenitors. As with increas-
ing age, spaceflight is associated with osteoporosis with
heterogeneity in the magnitude of bone loss among indi-
viduals [54]. It is therefore possible that bone remodeling
induced by long-duration spaceflight in some individuals
could contribute to explaining why the IgM repertoire
of two out of five analyzed cosmonauts was significantly
altered during an extended mission aboard the ISS [4].
In these two individuals, IgM repertoire changes, corre-
lated with changes in the V(D)] recombination process
and coincided with a higher stress response, suggesting
that the effects on the IgM repertoire and V(D)J recom-
bination could also depend on the development of a
stress response that was not observed in our mice. As
future deep-space exploration missions will be of unprec-
edented duration, we should consider the extent to which
bone loss aggravation during such missions will affect the
bone marrow antibody repertoire and consequently the
immune capacities of the hosts. We should also consider
whether extending HU exposure would enhance similari-
ties with the antibody repertoire of aged mice, as it has
been shown that the loss of osteoblasts is proportional
to HU duration [55]. Further studies will be needed to
address these important questions.

Finally, our data show that, unlike in aged mice, the
changes in the bone marrow IgM repertoire of mice sub-
jected to 21 days of HU cannot be attributed to a change
in the V(D)] recombination process. Similarly, we pre-
viously showed that a model of socioenvironmental
stressors encountered during spaceflight partially affects
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the murine TCRp repertoire but does not affect V(D)]
recombination [56]. If the V(D)] recombination process is
not affected under these conditions, epigenetics appears
to be another highly probable contributor to changes in
the IgM repertoire. Indeed, we previously demonstrated
that HU impairs IL-7 signaling in murine pro-B cells [18],
which profoundly influences IGHV segment selection
[20]. Additionally, we show here that HU induces changes
in the use of distal IGHV segments, while age induces
changes in the use of distal and median IGHV segments
of the murine IGH locus. It has been established that
the accessibility of Ig gene segments depends on epige-
netic factors and chromatin conformation [19, 27, 57],
and studies have reported epigenetic deregulation in
response to microgravity in human blood-derived stem
cells [58] and human mesenchymal stem cells [59]. A
decrease in a specific histone modification, H3K27me3,
was also shown at the TCRp locus in murine thymocytes
following hypergravity exposure [60]. It is also known
that age affects DNA methylation and histone posttrans-
lational modifications [61, 62]. Thus, in the future, it
would be very interesting to determine the contribution
of epigenetic factors to the regulation of chromatin struc-
ture in the three areas of the /GH locus in HU and aged
mice to understand the mechanisms underlying changes
in the antibody repertoire in these two situations. EZH2
methyltransferase, which is involved in the regulation of
H3K27me3 levels, and H3K27me3 are interesting candi-
dates because both are essential for the choice between
proximal and distal IGHV segments [63].

Limitations

This study is limited by the fact that we might have
missed some unique rearrangements corresponding
to rare B-cell clones, as indicated by a study that com-
pared datasets generated with or without amplification
[64]. However, we are confident in our results because
the number of IGHV segments analyzed and detected
in our libraries shows that they provide an accurate pic-
ture of IGH rearrangements. Another limitation is that
bone marrow contains, in addition to naive B cells, mem-
ory and plasma B cells, the contribution of which to the
modification of the IgM repertoire could not be deter-
mined since our libraries were prepared from whole bone
marrow.

Conclusion and perspectives

In conclusion, this study shows that HU, a physiological
model of microgravity causing a decrease in pro-B and
pre-B cells in the bone marrow [16], induced changes
in the IgM repertoire within 21 days that were approxi-
mately 3-fold less than those in aged mice, which is a
rapid effect. These alterations in the antibody repertoire,
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combined with other previously described immune alter-
ations such as inflammation and changes in immune cell
function, could increase the clinical impacts of space-
flight on the immune system, as in elderly individuals.
Bone remodeling and epigenetics likely mediated the
change in the IgM repertoire in HU and aged mice. Thus,
countermeasures to preserve bone microarchitecture,
such as physical exercise [54], omega-3 supplementation
[65], or oral administration of mother-of-pearl powder
[66, 67], could possibly preserve murine B lymphopoiesis
and the bone marrow antibody repertoire. These exam-
ples are promising avenues for further study. It would
also be interesting to compare the quality of the humoral
response induced by an antigen in 2.5-month-old mice
subjected to 21 days of HU and in aged mice, determine
whether the effects of HU are reversible (unlike aging),
and examine the effects of HU at early and late time
points. Finally, it is worth noting that in addition to its
relevance to spaceflight, HU is potentially a useful analog
for studying the impact of physical inactivity [6], offering
new insights into the contribution of sedentary behavior
to immune changes.

Methods

Animals

C57BL/6] male mice (2.5- and 13-month-old) were pur-
chased from Charles River Laboratories (Larbresles,
France). Thirteen-month-old mice were kept in our ani-
mal house until they were 18 months old for comparison
with 2.5-month-old mice subjected to 21days of HU.
Mice were housed in standard cages (2—3 mice per cage,
36cm deep X20cm wide X 14cm high) in a quiet room
under constant conditions (22°C, 50% relative humidity,
12-h light/dark cycles, dark period from 8pm to 8am)
and were provided food and water ad libitum. Animals
were treated in accordance with the French Legislation
and the Council Directive of the European Communi-
ties on the Protection of Animals Used for Experimen-
tal and Other Scientific Purposes (2010/63/UE). The
experiments were approved by the Lorraine Ethical
Committee on Animal Experimentation (authorization
CELMEA-2012-0008), and the authors complied with the
ARRIVE guidelines.

Hindlimb unloading

Two-and-a-half-month-old mice mice were isolated one
week before the beginning of the experiments in HU
cages manufactured according to Chapes et al. [68] (30cm
deep x15cm wide X 26 cm high). In the first experiment,
3 groups of 10 mice were used (control, restrained, and
HU). These three groups were housed in three different
vented animal cabinets (Noroit, Bouaye, France). HU
mice were suspended by using a dressing retention sheet
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wrapped around the tail and a wire hooked on a swivel
pulley system. The swivel pulley was designed to glide
along two stainless steel rods that ran the length of the
cage, providing a full 360° range of movement. The angle
of suspension for HU mice was adjusted to 25—-30° such
that only the forelimbs touched the grid placed on the lit-
ter. Orthostatically restrained mice were not suspended,
so all limbs were in contact with the grid. Control mice
were not restrained. Throughout the 21days of treat-
ment, mice were provided with food and water ad libi-
tum. Since we observed no differences in our analyses
between the control and restrained groups, we decided,
for the second experiment, to divide the 30 mice into
two groups, 15 control mice and 15 HU mice, that were
housed in two different vented animal cabinets.

Serum and bone marrow collection

Mice were anesthetized using 5% isoflurane and then
euthanized by cervical dislocation between 8 and 10am
to avoid fluctuations in corticosterone concentration
due to circadian rhythm. Blood was collected by car-
diac puncture, allowed to clot at room temperature for
15min and centrifuged at 4°C and 4000rpm for 20 min
to obtain serum samples, which were stored at - 80°C
until analysis. Bone marrow from femurs and tibias was
flushed with RPMI-1640 medium. Red blood cells were
lysed in 2mL of 1x RBC lysis buffer (eBioscience, Affym-
etrix, Rennes, France) for 2 min on ice, and the reaction
was stopped by adding 10 mL of PBS containing 2% FBS.
After centrifugation at 1600rpm and 4°C for 5min, the
cell pellet was resuspended in 5mL of PBS containing 2%
EBS, and the cell density was determined using a Scep-
ter’ 2.0 Cell Counter (Merck Millipore, St-Quentin-en-
Yvelines, France).

Corticosterone quantification

Corticosterone in serum samples was quantified using
the DetextX® Corticosterone Enzyme Immunoassay Kit
(ArborAssays, Ann Arbor, MI, USA) according to the
manufacturer’s instructions. Samples were analyzed in
duplicate. Absorbance at 405nm was measured, and
corticosterone concentrations, deduced from a standard
curve generated using calibrators, were expressed in ng/
ml.

Flow cytometry

Bone marrow cells (5x10°) were stained with anti-
B220-PE (RA3-6B2; Ozyme, Saint Quentin Yvelines,
France), anti-CD43-FITC (S7; BD Biosciences, San Jose,
CA, USA), anti-CD19-APC-Cy7 (1D3; Ozyme) and anti-
IgM-PE-Cy7 (R6-60.2; BD Biosciences) antibodies. Anti-
rat IgG2a « isotype control FITC (RTK2758) and anti-rat
IgG2a « isotype control APC-Cy7 (RTK2758) antibodies
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were purchased from Ozyme. Anti-rat IgG2a K isotype
control PE-Cy7 (eBR2a) and anti-rat IgG2a « isotype con-
trol PE (eBR2a) antibodies were purchased from eBio-
science (eBioscience, Paris, France). Cells were analyzed
using the Gallios flow cytometer (Beckman-Coulters,
Villepinte, France) of UAR IBSLor from Lorraine Uni-
versity (Vandoeuvre-lés-Nancy, France). The results were
analyzed using FlowJo® software (Tree Star Inc., OR,
USA). Pro-B and pre-B cells were identified based on the
expression of the following markers: pro-B cells (B220"
CD43* CD19" IgM") and pre-B cells (B220"° CD43"
CD19" IgM").

RT-qPCR

Total RNA was extracted from 10’ bone marrow nucle-
ated cells using the NucleoSpin® RNA Plus Kit (Mach-
erey Nagel, Hoerdt, France). RNA (1.5ug for each
sample) was reverse transcribed using random primers,
RNaseOUT and M-MLV reverse transcriptase follow-
ing the manufacturer’s instructions (Invitrogen, Cergy
Pontoise, France). qPCRs were conducted with a Mas-
tercycler® realplex® real-time PCR machine (Eppendorf,
Hamburg, Germany). Each qPCR was performed in trip-
licate using Takyon No ROX SYBR 2X MasterMix blue
dTTP (Eurogentec, Angers, France). The cycling protocol
was as follows: 3min at 95°C followed by 40 cycles of 155
at 95°C and 305 at the annealing temperature indicated in
Additional file 4. The relative expression levels of RAGI,
Artemis, TdT and nuclear receptor subfamily 3 group
C (NR3C1) were normalized to 3 housekeeping tran-
scripts (elongation factor 1 alpha (Efla), glucuronidase-3
(GUSB) and TATA-binding protein (TBP)). The stabil-
ity of housekeeping transcripts was checked using Best-
keeper software [69]. Primer pairs were designed for
different exons to ensure that they could not hybridize to
potential traces of genomic DNA, and their specificities
were checked using a Basic Local Alignment Search Tool
(BLAST) search through the U.S. National Center for
Biotechnology Information (Bethesda, MD, USA).

lllumina sequencing of IGHu transcripts

VDJ rearrangements contained in Ig p heavy chain
(IGHu) mRNAs were amplified by 5-RACE PCR using
the SMARTer " RACE ¢cDNA Amplification Kit (Clon-
tech, Palo Alto, CA, USA). For each group of mice (HU
and corresponding controls, aged and corresponding
controls), equal amounts (200 ng) of total RNA extracted
from bone marrow nucleated cells of five mice in the
same group were mixed and reverse transcribed accord-
ing to the manufacturer’s instructions to reduce interin-
dividual variability in an effort to normalize the reading.
Then, two successive PCRs were performed to amplify
VDJ associations. The first PCR was performed using a
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gene-specific primer, GSP1 (see Additional file 4), which
anneals to the first constant domain of Ig p transcripts
and the UPM primer provided in the kit. The second was
performed on an aliquot of the first PCR using another
gene-specific primer, GSP2 (see Additional file 4), which
anneals upstream of GSP1, and the NUP primer anneal-
ing to UPM. PCR products generated by this second
PCR were separated on an agarose gel, and those of the
expected size (0.6kb) were purified using the Nucle-
ospin® Gel and PCR Clean-up Kit (Macherey Nagel,
Hoerdt, France). Libraries were prepared by adding Illu-
mina adapter sequences (NEBNext® Index Primer for
[lumina) to these PCR products, and high-throughput
sequencing was performed from both ends (2x300bp
paired-end DNA sequencing) using the Illumina MiSeq
sequencer of UAR IBSLor from Lorraine University
(Vandoeuvre-lés-Nancy, France). Sequencing data
were analyzed using IMGT/High V-quest software [70]
(http://www.imgt.org) [23]. The obtained data were then
analyzed using specific software (see below). Sequencing
data have been deposited in the NCBI Sequence Read
Archive (https://www.ncbi.nlm.nih.gov/sra) [31] under
accession numbers PRJNA559699 for young/aged mice
and PRJNA559675 for control/HU mice.

Software program dedicated to the analysis of VDJ
sequences

A program written in Perl was created to calculate the
necessary parameters for our studies. This program
parsed 16 different files, corresponding to 16 different
types of samples (4 for young mice, 4 for aged mice, 4 for
HU mice and 4 for control mice), produced by IMGT/
HighV-quest [23]. Two to four seconds of execution was
necessary to analyze a file. This execution time was pro-
portional to the number of lines to process, with each
line corresponding to 1 sequence. There were 506,399
to 960,860 lines for young mice, 332,443 to 488,167 lines
for aged mice, 179,149 to 337,558 lines for HU mice, and
357,791 to 678,075 lines for control mice. The program
examined each row and identified those having a CDR3
and a productive functionality. The redundancy of this
set of CDR3 sequences was then calculated. A new set
of results consisting of 1 representative of each CDR3
sequence expressed 1 or more times was then generated.
The number of sequences with unique CDR3s ranged
from 19,404 to 23,826 for young mice, 22,714 to 27,241
for aged mice, 10,406 to 20,222 for HU mice and 19,223 to
22,744 for control mice. From this set of results, the fol-
lowing were calculated for functional sequences: the fre-
quency of each IGHV, IGHD and IGH] segment; CDR3
length; the length of IGHD; the number of nucleotides
deleted at 3'-IGHV and 5'-IGH] extremities; the number
of sequences having added nongenomic nucleotides; the
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frequencies of palindromes at IGHV-IGHD and IGHD-
IGH]J junctions; and, finally, associations of all IGHV seg-
ments with all IGH] segments for combinations having
no IGHD or each IGHD segment.

Statistical analysis

Dispersion indexes were used to determine if differences
existed between control vs. HU and young vs. aged mice
for the analyzed parameters. These indexes were calcu-
lated as previously described [4, 56]. GraphPad Prism 9.0
software (SAS Institute Inc., Cary, NC, USA) was used
to perform statistical analyses. For two-group compari-
sons, the homogeneity of variance was determined using
the Fisher test, and the normality of distribution was
determined using the Kolmogorov—Smirnov test. When
homogenous variances and distributions were observed,
Student’s t tests were performed. When the variance
and distribution were not homogeneous, Mann—Whit-
ney nonparametric tests were performed. In the case of
multiple comparisons, the homogeneity of variance was
determined using the Bartlett test, and the normality of
distribution was determined using the Shapiro—Wilk test.
When homogenous variance and a normal distribution
were observed, one-way ANOVA tests were performed,
followed by a Tukey—Kramer post hoc test. When the
variance and/or distribution were not homogeneous,
Kruskal-Wallis nonparametric tests were performed fol-
lowed by Dunn’s post hoc test. P values <0.05 indicate
significance. The results are shown as the means + stand-
ard errors of the means (SEM).

Abbreviations

DI dispersion index
Ef1a elongation factor 1 alpha
EZH2 enhancer of zeste homolog 2

GUSB glucuronidase beta

IGH immunoglobulin heavy-chain locus

IGHD immunoglobulin heavy-chain diversity gene segment
IGHJ immunoglobulin heavy-chain joining gene segment
IGHV immunoglobulin heavy-chain variable gene segment
IMGT International Immunogenetics Information System
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HU hindlimb unloading

NCBI National Center for Biotechnology Information
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NUP nested universal primer

RSS recombination signal sequence

TBP TATA-binding protein

UPM universal primer mix

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512979-023-00393-1.

Additional file 1: Table S1. IGHV gene segments detected within our
libraries of unique functional sequences.



http://www.imgt.org
https://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.1186/s12979-023-00393-1
https://doi.org/10.1186/s12979-023-00393-1

Fonte et al. Immunity & Ageing (2023) 20:64

Additional file 2: Fig. S1.IGHV, IGHD and IGHJ segment usage in the
control groups.

Additional file 3: Fig. S2. Analyses of IgM CDR3s in control groups.
Additional file 4: Table S2. Primers used in this study.

Acknowledgments
We thank UAR IBSLor, Lorraine University, Vandoeuvre-les-Nancy, France.

Authors’ contributions

CF and S.G. performed the experiments. C.F. and S.G. prepared figures. AV.
conceived the software needed for this project. CF, PJ., AV.and S.G. analyzed
the data. CF, PJ, AV, S.G. and JPF. interpreted the data and wrote the
manuscript. J.PF. and S.G. designed the project. J.PF. obtained funding. All the
authors have reviewed and approved the manuscript.

Funding

This research was funded by the French Space Agency (CNES) (DAR
4800000841, DAR 4800000894 and DAR 4800000950), the French Ministry of
Higher Education and Research, the Université de Lorraine, the Région Lorraine,
the Communauté Urbaine du Grand Nancy and the French State-Region
Project Contract (CPER). Funding bodies had no role in the design of the study;
collection, analysis, and interpretation of data; or writing of the manuscript.

Availability of data and materials

The sequencing datasets generated and analyzed during the current study
have been deposited in the NCBI Sequence Read Archive (https://www.ncbi.
nim.nih.gov/sra) [31] under accession numbers PRINA559699 for young/
aged mice and PRINA559675 for control/HU mice. All other data generated or
analyzed during this study are included in this published article [and its sup-
plementary information files].

Declarations

Ethics approval and consent to participate

Animals were treated in accordance with the French Legislation and the
Council Directive of the European Communities on the Protection of Animals
Used for Experimental and Other Scientific Purposes (2010/63/UE). Experi-
ments were approved by the Lorraine Ethical Committee on Animal Experi-
mentation (approval number: CELMEA-2012-0008), and the authors complied
with the ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 5 June 2023 Accepted: 12 November 2023
Published online: 20 November 2023

References

1. Crucian B, Babiak-Vazquez A, Johnston S, Pierson D, Ott CM, Sams C.
Incidence of clinical symptoms during long-duration orbital space-
flight. Int J Gen Med. 2016;9:383-91.

2. Spielmann G, Agha N, Kunz H, Simpson RJ, Crucian B, Mehta S, et al.

B cell homeostasis is maintained during long-duration spaceflight. J
Appl Physiol. 2019;126:469-76.

3. Bonnefoy J, Baselet B, Moser D, Ghislin S, Miranda S, Riant E, et al. B-cell
homeostasis is maintained during two months of Head-down tilt bed
rest with or without antioxidant supplementation. Front Immunol.
2022;13:830662.

4. Buchheim J, Ghislin S, OQuzren N, Albuisson E, Vanet A, Matzel S, et al.
Plasticity of the human IgM repertoire in response to long-term space-
flight. FASEB J. 2020;34:16144-62.

20.

21.

22.

23.

24.

25.

26.

Page 16 of 17

Rettig TA, Tan JC, Nishiyama NC, Chapes SK, Pecaut MJ. An analysis

of the effects of spaceflight and vaccination on antibody repertoire
diversity. Immunohorizons. 2021;5:675-86.

Globus RK, Morey-Holton E. Hindlimb unloading: rodent analog for
microgravity. J Appl Physiol. 2016;120:1196-206.

Rettig TA, Nishiyama NC, Pecaut MJ, Chapes SK. Effects of skeletal
unloading on the bone marrow antibody repertoire of tetanus toxoid
and/or CpG treated C57BL/6J mice. Life Sci Space Res. 2019;22:16-28.
Rettig TA, Bye BA, Nishiyama NC, Hlavacek S, Ward C, Pecaut MJ, et al.
Effects of skeletal unloading on the antibody repertoire of tetanus tox-
oid and/or CpG treated C57BL/6J mice. PLoS One. 2019;14:20210284.
Boxio R, Dournon C, Frippiat J-P. Effects of a long-term spaceflight on
immunoglobulin heavy chains of the urodele amphibian Pleurodeles
waltl. J Appl Physiol. 2005;98:905-10.

Bascove M, Huin-Schohn C, Guéguinou N, Tschirhart E, Frippiat J-P.
Spaceflight-associated changes in immunoglobulin VH gene expres-
sion in the amphibian Pleurodeles waltl. FASEB J. 2009;23:1607-15.

. Frippiat J-P. Contribution of the urodele amphibian Pleurodeles waltl to

the analysis of spaceflight-associated immune system deregulation.
Mol Immunol. 2013;56:434-41.

Bascove M, Guéguinou N, Schaerlinger B, Gauquelin-Koch G, Frippiat
J-P. Decrease in antibody somatic hypermutation frequency under
extreme, extended spaceflight conditions. FASEB J. 2011,25:2947-55.
Schatz DG, Swanson PC. V(D)J recombination: mechanisms of initia-
tion. Annu Rev Genet. 2011;45:167-202.

Ma'Y, Pannicke U, Schwarz K, Lieber MR. Hairpin opening and overhang
processing by an Artemis/DNA-dependent protein kinase com-

plex in nonhomologous end joining and V(D)J recombination. Cell.
2002;108:781-94.

Huin-Schohn C, Guéguinou N, Schenten V, Bascove M, Koch GG,
Baatout S, et al. Gravity changes during animal development affect
IgM heavy-chain transcription and probably lymphopoiesis. FASEB J.
2013;27:333-41.

Lescale C, Schenten V, Djeghloul D, Bennabi M, Gaignier F, Vandamme
K, et al. Hind limb unloading, a model of spaceflight conditions,

leads to decreased B lymphopoiesis similar to aging. FASEB J.
2015;29:455-63.

. Tascher G, Gerbaix M, Maes P, Chazarin B, Ghislin S, Antropova E, et al.

Analysis of femurs from mice embarked on board BION-M1 biosatellite
reveals a decrease in immune cell development, including B cells, after 1
wk of recovery on earth. FASEB J. 2019;33:3772-83.

Lescale C, Dias S, Maés J, Cumano A, Szabo P, Charron D, et al. Reduced
EBF expression underlies loss of B-cell potential of hematopoietic pro-
genitors with age. Aging Cell. 2010;9:410-9.

Pulivarthy SR, Lion M, Kuzu G, Matthews AGW, Borowsky ML, Morris J,

et al. Regulated large-scale nucleosome density patterns and precise
nucleosome positioning correlate with V(D)J recombination. Proc Nat!
Acad Sci U S A.2016;113:E6427-36.

Baizan-Edge A, Stubbs BA, Stubbington MJT, Bolland DJ, Tabbada K,
Andrews S, et al. IL-7R signaling activates widespread VH and DH gene
usage to drive antibody diversity in bone marrow B cells. Cell Rep.
2021;36:109349.

Taves MD, Hamden JE, Soma KK. Local glucocorticoid production in lym-
phoid organs of mice and birds: functions in lymphocyte development.
Horm Behav. 2017,88:4-14.

Gaignier F, Schenten V, De Carvalho BM, Gauquelin-Koch G, Frippiat J-P,
Legrand-Frossi C. Three weeks of murine Hindlimb unloading induces
shifts from B to T and from Th to Tc splenic lymphocytes in absence of
stress and differentially reduces cell-specific Mitogenic responses. PLoS
One. 2014,9:292664.

The International Immunogenetics Information System: IMGT. https://
www.imgt.org/. Accessed 05 June 2023.

Rettig TA, Ward C, Pecaut MJ, Chapes SK. Validation of methods to assess
the immunoglobulin gene repertoire in tissues obtained from mice on
the international Space Station. Gravit Space Res. 2017;5:2-23.

Rettig TA, Ward C, Bye BA, Pecaut MJ, Chapes SK. Characterization of the
naive murine antibody repertoire using unamplified high-throughput
sequencing. PLoS One. 2018;13:e0190982.

Johnston CM, Wood AL, Bolland DJ, Corcoran AE. Complete sequence
assembly and characterization of the C57BL/6 mouse Ig heavy chain V
region. J Immunol. 2006;176:4221-34.


https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://www.imgt.org/
https://www.imgt.org/

Fonte et al. Immunity & Ageing

27.

28.

29.

30.

31.

32

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2023) 20:64

Dong Y, Wu C, Zhao X, Zhang P, Zhang H, Zheng M, et al. Epigenetic
modifications of the V ; region after DJ ; recombination in pro-B cells.
Immunology. 2017;152:218-31.

Gong M, Li X, Zheng A, Xu H, Xie S, Yan R, et al. Age-related changes in
the TRB and IGH repertoires in healthy adult males and females. Immunol
Lett. 2021,240:71-6.

Lucas JS, Murre C, Feeney AJ, Riblet R. The structure and regulation of the
immunoglobulin loci. In: Alt FW, Honjo T, Radbruch A, Reth M, editors.
Molecular biology of B cells. Elsevier; 2015. p. 1-11.

PubMed. https://pubmed.ncbi.nim.nih.gov/. Accessed 05 June 2023.

The NCBI Sequence Read Archive. https://www.ncbi.nlm.nih.gov/sra.
Accessed 05 June 2023.

Ward C, Rettig TA, Hlavacek S, Bye BA, Pecaut MJ, Chapes SK. Effects of
spaceflight on the immunoglobulin repertoire of unimmunized C57BL/6
mice. Life Sci Space Res. 2018;16:63-75.

Guerrettaz LM, Johnson SA, Cambier JC. Acquired hematopoietic stem
cell defects determine B-cell repertoire changes associated with aging.
Proc Natl Acad Sci U S A. 2008;105:11898-902.

De Bourcy CFA, Angel CJL, Volimers C, Dekker CL, Davis MM, Quake SR. Phyloge-
netic analysis of the human antibody repertoire reveals quantitative signatures
of immune senescence and aging. Proc Natl Acad Sci U S A. 2017;114:1105-10.
Jiang N, He J, Weinstein JA, Penland L, Sasaki S, He X-S, et al. Lineage
structure of the human antibody repertoire in response to influenza vac-
cination. Sci Transl Med. 2013;5:171ra19.

Wang C, Liu Y, Xu LT, Jackson KJL, Roskin KM, Pham TD, et al. Effects of
aging, cytomegalovirus infection, and EBV infection on human B cell
repertoires. J Immunol. 2014;192:603-11.

Jensen K, Rother MB, Brusletto BS, Olstad OK, Dalsbotten Aass HC, Van
Zelm MC, et al. Increased ID2 levels in adult precursor B cells as compared
with children is associated with impaired Ig locus contraction and
decreased bone marrow output. J Immunol. 2013;191:1210-9.

Labrie JE, Borghesi L, Gerstein RM. Bone marrow microenvironmental
changes in aged mice compromise V(D)J recombinase activity and B cell
generation. Semin Immunol. 2005;17:347-55.

Pahwa RN, Modak MJ, McMorrow T, Pahwa S, Fernandes G, Good RA.
Terminal deoxynucleotidyl transferase (TdT) enzyme in thymus and
bone marrow. I. Age-associated decline of TdT in humans and mice. Cell
Immunol. 1981;58:39-48.

Speziali E, Santiago AF, Fernandes RM, Vaz NM, Menezes JS, Faria AMC.
Specific immune responses but not basal functions of B and T cells are
impaired in aged mice. Cell Immunol. 2009;256:1-5.

Aviles H, Belay T, Fountain K, Vance M, Sonnenfeld G. Increased suscep-
tibility to Pseudomonas aeruginosa infection under hindlimb-unloading
conditions. J Appl Physiol. 2003;95:73-80.

Strollo F, Vernikos J. Aging-like metabolic and adrenal changes in micro-
gravity: state of the art in preparation for Mars. Neurosci Biobehav Rev.
2021;126:236-42.

Crucian BE, Zwart SR, Mehta S, Uchakin P, Quiriarte HD, Pierson D, et al.
Plasma cytokine concentrations indicate that in vivo hormonal regulation
of immunity is altered during long-duration spaceflight. J Interf Cytokine
Res. 2014,34:778-86.

Buchheim J-I, Matzel S, Rykova M, Vassilieva G, Ponomarev S, Nichiporuk |,
et al. Stress related shift toward Inflammaging in cosmonauts after long-
duration space flight. Front Physiol. 2019;10:85.

Krieger SS, Zwart SR, Mehta S, Wu H, Simpson RJ, Smith SM, et al. Altera-
tions in saliva and plasma cytokine concentrations during long-duration
spaceflight. Front Immunol. 2021;12:725748.

Jacob P, Bonnefoy J, Ghislin S, Frippiat J-P. Long-duration head-down tilt
bed rest confirms the relevance of the neutrophil to lymphocyte ratio
and suggests coupling it with the platelet to lymphocyte ratio to monitor
the immune health of astronauts. Front Immunol. 2022;13:952928.
Crucian B, Stowe RP, Mehta S, Quiriarte H, Pierson D, Sams C. Alterations
in adaptive immunity persist during long-duration spaceflight. NPJ Micro-
gravity. 2015;1:15013.

Frippiat J-P, Crucian BE, de Quervain DJ-F, Grimm D, Montano N, Praun S,
et al. Towards human exploration of space: the THESEUS review series on
immunology research priorities. NPJ Microgravity. 2016;2:16040.
Guéguinou N, Huin-Schohn C, Bascove M, Bueb J-L, Tschirhart E, Legrand-
Frossi C, et al. Could spaceflight-associated immune system weakening
preclude the expansion of human presence beyond Earth's orbit? J
Leukoc Biol. 2009;86:1027-38.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 17 of 17

Akiyama T, Horie K, Hinoi E, Hiraiwa M, Kato A, Maekawa Y, et al. How
does spaceflight affect the acquired immune system? NPJ Microgravity.
2020,6:14.

EIGindi M, Sapudom J, Ibrahim IH, Al-Sayegh M, Chen W, Garcia-Sabaté
A, et al. May the force be with you (or not): the immune system under
microgravity. Cells. 2021;10:1941.

Erdeljan P, MacDonald JF, Matthews SG. Glucocorticoids and serotonin
alter glucocorticoid receptor (GR) but not mineralocorticoid receptor
(MR) mRNA levels in fetal mouse hippocampal neurons, in vitro. Brain Res.
2001;896:130-6.

Mourcin F, Breton C, Tellier J, Narang P, Chasson L, Jorquera A, et al.
Galectin-1-expressing stromal cells constitute a specific niche for pre-Bll
cell development in mouse bone marrow. Blood. 2011;117:6552-61.
Vico L, Hargens A. Skeletal changes during and after spaceflight. Nat Rev
Rheumatol. 2018;14:229-45.

Cabahug-Zuckerman P, Frikha-Benayed D, Majeska RJ, Tuthill A, Yakar S, Judex
S, et al. Osteocyte apoptosis caused by Hindlimb unloading is required to
trigger osteocyte RANKL production and subsequent resorption of cortical
and trabecular bone in mice femurs. J Bone Miner Res. 2016;31:1356-65.
Fonte C, Kaminski S, Vanet A, Lanfumey L, Cohen-Salmon C, Ghislin S,

et al. Socioenvironmental stressors encountered during spaceflight
partially affect the murine TCR-B repertoire and increase its self-reactivity.
FASEB J. 2019;33:896-908.

Montefiori L, Wuerffel R, Roqueiro D, Lajoie B, Guo C, Gerasimova T, et al.
Extremely long-range chromatin loops link topological domains to facili-
tate a diverse antibody repertoire. Cell Rep. 2016;14:896-906.
Gambacurta A, Merlini G, Ruggiero C, Diedenhofen G, Battista N, Bari M,
et al. Human osteogenic differentiation in space: proteomic and epige-
netic clues to better understand osteoporosis. Sci Rep. 2019;9:8343.
Koaykul C, Kim M-H, Kawahara Y, Yuge L, Kino-Oka M. Maintenance of
neurogenic differentiation potential in passaged bone marrow-derived
human mesenchymal stem cells under simulated microgravity condi-
tions. Stem Cells Dev. 2019;28:1552-61.

Calcagno G, Ouzren N, Kaminski S, Ghislin S, Frippiat J-P. Chronic Hyper-
gravity induces a modification of histone H3 lysine 27 Trimethylation at
TCRR locus in murine Thymocytes. Int J Mol Sci. 2022,23:7133.

Sierra M, Fernandez A, Fraga M. Epigenetics of aging. Curr Genomics.
2015;16:435-40.

Ucar D, Benayoun BA. Aging epigenetics. In: Moskalev A, Vaiserman AM,
editors. Epigenetics of aging and longevity. Elsevier; 2018. p. 3-32.

Xu C-R, Schaffer L, Head SR, Feeney AJ. Reciprocal patterns of methylation
of H3K36 and H3K27 on proximal vs. distal IgV , genes are modulated by
IL-7 and Pax5. Proc Natl Acad Sci U S A. 2008;105:8685-90.

Rettig TA, Pecaut MJ, Chapes SK. A comparison of unamplified and
massively multiplexed PCR amplification for murine antibody repertoire
sequencing. FASEB Bioadv. 2019;1:6-17.

Zwart SR, Pierson D, Mehta S, Gonda S, Smith SM. Capacity of omega-3
fatty acids or eicosapentaenoic acid to counteract weightlessness-
induced bone loss by inhibiting NF-kappaB activation: from cells to bed
rest to astronauts. J Bone Miner Res. 2010;25:1049-57.

Nguyen DK, Laroche N, Vanden-Bossche A, Linossier M, Thomas M,
Peyroche S, et al. Protective effect on bone of nacre supplementation in
Ovariectomized rats. JBMR Plus. 2022;6:e10655.

Carson M, Clarke S. Bioactive compounds from marine organisms: poten-
tial for bone growth and healing. Mar Drugs. 2018;16:340.

Chapes SK, Mastro AM, Sonnenfeld G, Berry WD. Antiorthostatic suspen-
sion as a model for the effects of spaceflight on the immune system. J
Leukoc Biol. 1993;54:227-35.

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of stable
housekeeping genes, differentially regulated target genes and sample
integrity: BestKeeper--excel-based tool using pair-wise correlations.
Biotechnol Lett. 2004,26:509-15.

Alamyar E, Duroux P, Lefranc M-P, Giudicelli V. IMGT(®) tools for the
nucleotide analysis of immunoglobulin (IG) and T cell receptor (TR)
V-(D)-J repertoires, polymorphisms, and IG mutations: IMGT/V-QUEST and
IMGT/HighV-QUEST for NGS. Methods Mol Biol. 2012;882:569-604.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://pubmed.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/sra

	Hindlimb unloading, a physiological model of microgravity, modifies the murine bone marrow IgM repertoire in a similar manner as aging but less strongly
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Evaluation of stress in aged and HU mice
	Impact of aging and HU on pro-B and pre-B cells
	Effects of aging and HU on the repertoire of IgM heavy chains
	IGHV segment usage according to their position in the murine IGH locus
	Potential impact on immunity
	Effects on V(D)J recombination

	Discussion
	HU modifies the bone marrow IgM repertoire but has a weaker effect than aging
	Likely causes of IgM repertoire changes
	Limitations
	Conclusion and perspectives

	Methods
	Animals
	Hindlimb unloading
	Serum and bone marrow collection
	Corticosterone quantification
	Flow cytometry
	RT–qPCR
	Illumina sequencing of IGHμ transcripts
	Software program dedicated to the analysis of VDJ sequences
	Statistical analysis

	Anchor 29
	Acknowledgments
	References


