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Abstract Results

0 Background: Cytokines are emerging biomarkers for radiation biodosimetry and injury assessment, yet the impact of ) ) I ) ) - - —
biological sex on radiation-induced cytokine responses remains poorly defined. This study systematically evaluated Sources of cytokine variance in irradiated male and female mice Dose-responsive cytokines at Day 7: shared and sex-specific
sex differences in serum cytokine profiles following high-dose partial-body irradiation in mice. ,\
QO Materials and Methods: Male and female C57BL/6 mice (n=4/group) received 12—16 Gy partial-body irradiation with 40 ol meras i axh s (v oy 137 {: Combined
5% bone marrow sparing (EBI/BM5). Serum was collec_:ted on Days 1,3, and 7 post-|rrad|at|.on glong with naive (0 _3s m Male Fig 3. Biological sex explains ~20% of variance
Gy) contrc_)ls. .S.eventy cytokines were measured. Baseline sex dn‘fergnces were assessed using mdependen_t t-tests ° P in  radiation-induced  cytokine profiles. (A) both sexes (B) male only
with Benjamini-Hochberg False Discovery Rate (FDR) correction. Irradiated samples were normalized to x 3 PERMANOVA analysis of 65 serum cytokines
sex-matched naive baselines to isolate radiation-induced changes. PERMANOVA (9,999 permutations) quantified the S o comparing male and female mice at each study isL T IL-5
variance in cytokine profiles attributable to sex. Radiation-responsive cytokines were defined by FDR g<0.05 and E e time point (Day 0-7 post-irradiation). Irradiated pdanien AT, P AA ] i i af re _
llog:FC|>1 (=2-fold change) across all three time points. %20 oy samples were normalized to sex-matched naive 3] mmpanimmene ‘ - 3| 1 r=-0.76, FDR=0.0035
O Results: At baseline, 13 cytokines differed nominally between sexes (p<0.05), but Exodus-2/CCL21 remained 915 baselines (log.FC vs. naive) prior to analysis. The ® S | ° 2 5| om .. A
significant after FDR correction. After normalization, PERMANOVA showed that sex explained ~20% of variance in 5 R* value represents the proportion of total cytokine E: AT 2 LI N
radiation-induced cytokine profiles at all time points (p<0.0001). Five cytokines (GDF-15, FLT3L, IL-7, BAFF, MCP-3) 510 variance attributable to biological sex. Analysis T B e ol ; o T
were consistently altered in both sexes, defining a conserved core. Males showed sustained suppression of IFNy, ’ \éVZSg gperfornrtletC_I USIrlg**Eli%IIggg? distance with P 5 & _gu ’\\\ )
Granzyme B, and IL-11, with elevated IL-17F, while females showed sustained upregulation of Fractalkine/CX3CL1 - 999 PETMUTALONS.. =" ' B T = =S N S
and MCP-5. Radiation dose responses were minimal on Days 1-3 but emerged at Day 7, with 4 shared, 9 o Time Biological Radiation Irradiated o ;& Tk R T 2| == mate -
female-specific, and 2 male-specific cytokines. post-irradiation >e Pose ve Naive iz Lo LT Z B R T R il T
Q Conclusions: Sex is a major determinant of cytokine responses to high-dose radiation (~20% variance). Despite a SeXx differences in baseline cytokine profiles o =
shared core signature, males show reduced cytotoxic signaling, whereas females exhibit enhanced chemokine remole: =07, roRs00002  + | remate: r=0.75, FoR=o.0072 JARC
responses. Dose-dependent effects are most evident at later time points and are sex-specific, highlighting sex as a Volcano Plot: Baseline Sex Differences | e R “A B
critical variable in radiation biology. - el PC N - g o
35| FDRqg<0.05 Exodus—2/C§L21/6CKine : : § 1.5 L
g 3. " > 1 = ® 1.0
IntrOdUCtlon @ Higher in Male (p < 0.05) | Fig. 4 Baseline sex differences in %1 Egi ol : . % 0.5 E’;//.
Q Radiological and nuclear mass-casualty events demand rapid, accurate biodosimetry to guide triage and medical > 'V'C'P-1 @ Higherin Female (p < 0.05) zlear; m cy:r)‘l;me pf':r::: of "ma;'g': = g /'//// “ R
Countermeasure _deployment (1’2) _ : : .. L . nelgnificant {p + Q05 J| | Volcano plot showing cytokine i 12 13 14 15 16 E = i4 15 16 T ] A
 Circulating cytokines are promising radiation biomarkers, reflecting systemic immune activation, hematopoietic 25 differences between naive female and Radiation dose (Gy) Radiation dose (Gy) 12 13 14 15 16
injury, and tissue damage following exposure (3-5). 3 GM‘.CSF Beta?‘e”u““ MCP-5 | male mice. The x-axis represents log: h
0 Most preclinical radiation studies use whole-body irradiation (WBI), which does not replicate realistic radiation > Eractalkine/CX3CLT @ fold change (female vs. male); the (C) female on |y
exposure scenarios; partial-body irradiation with bone marrow sparing (PBI/BMS) more accurately models real-world % 20 Ll.}( y-axis  represents  —logi(nominal - e 0 —
exposures where shielding of residual bone marrow enables survival and recovery (6-8). = IL-28B/IFNIamsig3;s L1 p-value). Dashed orange line: nominal ?| [ Fomale” por-oon7 W sl ;| TSRO 3
Q Biological sex i l-established modulator of function, with femal I ting st innat 5 1] I L o ¢ p=0.05;  dashed  purple line: =0T e co 2 ;
gical sex is a well-established modulator of immune function, with females generally mounting stronger innate S 5] IL:31 O SICAM- _ _ . i . . » )
and adaptive immune responses than males; however, the impact of sex on radiation-induced cytokine responses 3 o005 T ® FDtledJ“Sted p'r?'(c)f' Th'rt‘?enl g g T §0R _ o L -
remains undefined (9-10). | | 3 | o . | LC?” . gi);;)if:gaeﬁce reacne (;fgég?; g ) él.o - . - 5 0 2o 5 | s -
1 No study to date has systematically characterized sex-specific cytokine dynamics in a clinically relevant partial-body L Exodus-2/CCL21 was the only g g . " g_l g
irradiation model across multiple doses and time points cytokine to remain significant after o - ; -1 : ;
[ This study addresses this critical gap by profiling 70 serum cytokines in male and female C57BL/6 mice following 5 &l Benjamini—Hochberg FDR correction e e —— L . — —
PBI/BMS at doses ranging from 12—-16 Gy, at Days 1, 3, and 7 post-irradiation, to identify sex-specific radiation (9<0.05). Independent samples t-test, MR IRERSKISRILER) RSl SCESIY) Sl 1 RSl RosIdes=Ioy)
biomarkers and characterize dose-dependent cytokine responses. n=4/sex. o MIPla . L BT N  RaNTES
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O Mice and Animal Care: 10- to 14-week-old C57BL6 male and female mice (Jackson Lab) were used for the current . . — . . 2 5 " ' g . §-2 g3 :
study. Mice were randomized for each experimental group and housed in an Association for Assessment and CytOkme PCA by Séx across pOSt'lrradlatlon time pomts 15 ¥ on @ j ; 10 ’
Accreditation of Laboratory Animal Care (AAALAC)-approved faC|I|ty at the Armed Forces Radiobiology Research 12 Raéationlzose}éy) 16 ’ 12 Ralc:ljgiatio:‘?:lose}éy) 16 12 Raéaﬁojzose}éy, 16 12 Rald?;aﬁo:‘:’ose}éw 1e:
Institute (AFRRI). The animal study protocol was approved by the Institutional Animal Care and Use Committee
(IACUC). Animal rooms were maintained at 20-26°C with 30-70% humidity on a 12 h light/dark cycle. Commercial F_ffffl,?z_ffizi/l'f e
rodent chow (Harlan Teklad Rodent Diet 2018) was available ad libitum as was acidified water (pH = 2.5-3.0) to control 1’2 Gl =035 PP 100 0
opportunistic infections. Naive (Day 0) Day 1 O I S
0 Irradiation: PBI/BMS was carried out using an Elekta Infinity™ clinical linear accelerator (LINAC) at AFRRI to provide ’ 8 ¥ ’ ¢ 7 .
precise partial body irradiation. PBl was carried out at an estimated dose rate of 2.75 Gy/min. The mice were 10 6 . E
anesthetized during irradiation using ketamine+xylazine. For PBI/BMS, the mice were exposed to specified doses of - 4 0
radiation to the whole body except the hind limbs’ fibulae, tibiae, and feet (which constituted about 5% of bone marrow). 2 > - R Ll L. : . | | T :
All animals were transferred back to their respective cages for recovery from anesthesia and general physical 8 . o oo, 24 B | ° remale " padiston doka (05)
appearance were monitored. The day of irradiation was considered day O. N g_z P D
0 Tissue collection: On days 1, 3, and 7 after IR, mice were anesthetized for blood collection and then euthanized for * -5 - - . n : : : —— : :
: " , —4 ey . y . Fig. 7 Cytokines showing dose-dependent responses on day 7 post radiation in both sexes, or single sex only. (A) Cytokines
collection of additional tissues. 10 Fig. 5. PCA of radiation-induced that are dose-dependent e in both . ) . . .
. A . : : : : : 6 g ] ) ] pendent responsive in both sexes. (B) cytokines that are dose-dependent responsive in male mice only. (C) cytokines
o cytok_me assay: Circulating cytoklne levels were analyzed using the Eve _Technologlgs 68-plex cytokine assay, which cy_tokme profiles in r_nale_ar_rd fenTaIe that are dose-dependent responsive in female mice only. No cytokines showed dose response on d1 or d3. Line graphs showing mean
quantifies a broad panel of inflammatory and immune-regulatory cytokines. Additionally, IL-18 and IL-18BP were 0 oa (§7 1%) 1o ™ a1 (26030/) ° mice across post-irradiation  time (xSEM) log: fold change vs. sex-matched naive baseline for each cytokine, on day 7 post-irradiation. Pink circles: female mice; blue
measured using specific ELISAs. Day3 Day 7 points. , squares: male mice. Cytokines were included if they met FDR g<0.05 and |log:FC|>1 (=2-fold change) in both sexes at all three
) Statistical analysis: Cytokine concentrations were log.-transformed prior to analysis; 5 cytokines falling outside the 12.5 o PCA was performed on 65 normalized post-irradiation time points. Asterisks indicate significant change from naive baseline within each sex (* FDR g<0.05, ** g<0.01, ***
assay's linear detection range were excluded, leaving 65 cytokines for analysis. Baseline sex differences were 10.0 ) Y serim cytokines (l.OQZF(,: ; VSI' g<0.001). Brackets with asterisks indicate significant differences between sexes at the indicated time point (FDR q<0.05).
assessed using independent samples t-tests with Benjamini-Hochberg (BH) FDR correction across 65 cytokines. e ngd 2| . < ?ei):\-kmiitrccrll::) r:;\'(\j’embjzel('gﬁj)e"; S;:Se) n=20/sex/time point (4 mice x 5 doses).
Irradiated samples were normalized to sex-matched naive means (log:FC vs. naive) to isolate radiation-induced 2 . ) g o = 1 ', (?57BL/6 mice at Days 0, 1, 3,qand 7
changes independent of baseline sex differences Multivariate cytokine profiles were compared between sexes using g : g -2 m—p ut % post-irradiation  (n=20/sex/time  point; C OnCIU Si ons
PERMANOVA (Euclidean distance, 9,999 permutations); homogeneity of dispersion was verified by PERMDISP. N 2 = e N -4 " n=4/sex for naive). Shaded ellipses
Radiation-responsive cytokines were identified by one-sample t-tests against zero with BH FDR correction, and defined “ 00| NS 0 v b represent 95% confidence intervals. L . . . o . . - .
: L. : . . ) e « o a . [ Biological sex is a major determinant of radiation-induced cytokine responses, independently explaining ~20% of total cytokine
as FDR g<0.05 and |log.FC|>1 across all three post-irradiation time points. Sex differences in radiation-induced e - e Clear sex-based separation is observed variance at all post-irradiation time points
responses were assessed by independent t-tests with BH FDR correction at each time point. Dose-dependent eo I 16 . 2 al: p"?t"”?d'a“‘.’”h ume pomns "g'th 0 A conserved five-cytokine core signature (BAFF, FLT3L, GDF-15, IL-7, MCP-3) was consistently upregulated in both sexes across
responses were evaluated using Spearman rank correlation between cytokine log.FC and radiation dose (12-16 Gy), -0 -5 0 5 10 o 5 0 5 Tl T enrlma es forming tighter clusters than all three study days, representing robust sex-independent radiation biomarker candidates
with BH FDR correction per group. All analyses were performed in Python (v3.12). (22.1%) (31.9%) males.. 0 Males showed sustained suppression of IFNy, Granzyme B, and IL-11 across all time points, indicating sex-specific attenuation of
cytotoxic immune effector activity following high-dose irradiation
Fig. 1 showed the experimental design. 4 Females_ derr_mons’_[rated sustalped and stronger upregulation of Fractalkine/CX3CL1 and MCP-5, suggesting enhanced
chemokine-driven immune recruitment responses
[ Radiation dose-dependent cytokine responses were minimal on Days 1 and 3, but emerged strongly at Day 7, with GDF-15
identified as the most robust dose-tracking biomarker in both sexes
PBI/BM5 C57BL6 male & female mice O Female mice showed greater dose-discriminating capacity at Day 7 (13 dose-responsive cytokines) compared to males (6
_ Circulating cytokine analysis Ry . . cytokines), suggesting sex influences the performance of cytokine-based biodosimetr
12 ;6 Gy v v v SGX-SpECIfIC and Sh?tre? gyLOk'lne;'est'ponses to hlgh-dOSG 4 T{leClsel gnéir:gg%en;ogsgrate ;hatlsex n:ust be incorporlalte:_jyas a biological variable inyradiation biomarker discovery, biodosimetry
d0 d1 43 47 partial-boady Iirradiation model development, and medical countermeasure evaluation

Radiation-responsive cytokines (FDR<0.05, |logzFC|>1, all three study days)
* p<0.05 ** p<0.01 *** p<0.001 vs naive; bracket = sex difference FDR<0.05

Fig. 1. Scheme of the study design. Male and female C57BL/6 mice were exposed to 12-16 Gy PBI/BMS irradiation. Mice
were euthanized on days 1, 3, and 7 post-irradiation. Circulating cytokine levels were measured and analyzed to assess the 35
effects of radiation dose and sex.
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Al : — > — . Normalization to sex-matched naive baselines was essential to isolate true radiation-induced cytokine changes from pre-existing sex
2.5 3 4 differences, underscoring the importance of sex-matched controls in radiation biomarker studies
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5 20] 2 2 z. (L The conserved five-cytokine signature (BAFF, FLT3L, GDF-15, IL-7, MCP-3) likely reflects shared hematopoietic injury and immune
215 27 £3 s mobilization responses independent of sex-specific immune programming
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: . . €10 = £2] 2 (L Sustained suppression of IFNy and Granzyme B in males suggests radiation-induced attenuation of cytotoxic immune activity, which
Dose Response Relationship of male and female C57BL6 mice . i N ! may contribute to sex differences in susceptibility to radiation-induced immune complications
after exposure to PBl/BMS e . N 0 (. Enhanced upregulation of Fractalkine/CX3CL1 and MCP-5 in females is consistent with stronger innate immune activation and
—— o —— . o o o o o o o —— —— —— —— —— enhanced leukocyte trafficking responses reported in females
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. The emergence of dose-dependent responses at Day 7, but not Days 1-3, suggests early cytokine release reflects the systemic
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: : ; Mo : Fig 6. Divergent and conserved cytokine responses to radiation in male and female mice. Line graphs
Fig. 2. Dose response relationship of female and male C57BL6 after PBI/BMS5. (A) Kaplan-Meier survival curves of female showing mean (+SEM) log: fold change vs. sex-matched naive baseline for each cytokine, at Days 0, 1, 3. and 7

C57BL6 after PBI/BMS. (B) Kaplan-Meier survival curves of male C57BL6 after PBI/BMS5. (C) Probit plot showing the DRR of : . : . _ . _ ) . . :
female mice exposed to PBI/BMS. (D) Probit plot showing the DRR of male mice exposed to PBI/BMS. post-irradiation. Pink circles: female mice; blue squares: male mice. Cytokines were included if they met FDR ACknOWIngements
g<0.05 and [log:FC|>1 (=2-fold change) in both sexes at all three post-irradiation time points. Asterisks indicate

significant change from naive baseline within each sex (* FDR g<0.05, ** g<0.01, *** q<0.001). Brackets with
asterisks indicate significant differences between sexes at the indicated time point (FDR g<0.05). n=20/sex/time
point (4 mice x 5 doses).
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