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Asieh Naderi,1,5 Elena Farmaki,1,5 Bernardo Chavez,1 Chao Cai,2 Vimala Kaza,3 Youwen Zhang,1

Elham Soltanmohammadi,1 Nina Daneshvar,1 Ioulia Chatzistamou,4 and Hippokratis Kiaris1,3,6,*

SUMMARY

CCL8 (MCP-2) is a chemoattractive cytokine associated with various immune-
related pathologies. Recent studies show that CCL8 is significantly stimulated
during acute respiratory distress syndrome in severely ill patients with COVID-
19, making the inhibition of CCL8 activity a promising treatment. Lipopolysaccha-
ride (LPS)-induced lung injury was evaluated in mice using a neutralizing antibody
(1G3E5) against humanCCL8. Pharmacokinetic studies indicated that following IP
administration, 1G3E5 was sustained at higher levels and for a longer period
compared to IV administration. CCL8 expression in the lungs was not enhanced
by LPS, but CCR2 and CCR5 receptorswere significantly stimulated. 1G3E5-medi-
ated inhibition of CCL8 was associated with the reduction of pulmonary inflam-
mation and suppression of various pro-inflammatory cytokines. These results
point to a previously unrecognized, permissive role for CCL8 in mediating cyto-
kine induction and ultimately sustaining inflammation. Disruption of CCL8 activity
may provide a strategy for mitigating pulmonary inflammation during lung injury
when related to abnormal cytokine induction.

INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a life-threatening complication associated with many condi-

tions, including sepsis/septic shock, pneumonia, inhalation of toxic agents, traumas, burns, while rarely is

idiopathic and recently is the major complication of SARS-CoV-2 infection that causes the ongoing COVID-

19 pandemic.1–6 It is associated with severe lung injury and may develop lung fibrosis.1,7,8 The uncontrolled

pro-inflammatory response is considered essential for the pathogenesis of ARDS and fibrosis, and indeed

suppression of inflammation is used as the strategy of choice for the management of the pathological con-

sequences of lung injury.9,10 In the context of the ongoing COVID-19 pandemic, the eventual surge in

fibrosis cases is anticipated with the development of respiratory insufficiency presenting major concerns

for public health even when SARS-CoV2 infection rates eventually get under control.11,12 Despite the prog-

ress in our understanding of disease pathogenesis, the therapeutic options available for the management

of severe ARDS remain limited. Thus, the discovery of novel disease targets and the development of agents

modulating their activity remains a priority.

CCL8 is a small chemokine located in chromosome 17q12 in humans and is involved in monocyte migration

and inflammation. CCL8 recently attracted attention due to the recognition of its role in carcinogenesis,

primarily in the breast and other tissues.13–16 Nevertheless, a role for CCL8 in pathologies other than cancer

has long been suggested and included graft versus host disease17–19 microbial infections,20,21 and other

conditions relevant to the execution of an aberrant pro-inflammatory response. In pulmonary fibrosis,

CCL8 has been identified as a candidate gene target for the differential diagnosis and prediction of

patient survival.22,23 More recently, a role of CCL8 in the ARDS that develops in severely ill patients with

COVID-19 has also been proposed.24–26 Although this evidence strongly supports the beneficial activity

of CCL8 inhibition in conditions related to lung injury, no studies exist evaluating the therapeutic potential

of CCL8 suppression. In addition, no tools are available that can provide the basis for anti-CCL8

therapeutics.

A potential limitation in extending the results of preclinical studies to the clinic in relation to CCL8 is probably

related to the relatively low similarity between human and mouse CCL8. It is possible that this limitation does
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not permit direct assessment in mice of the value of therapeutics that were generated to target human

CCL8 activity. In the present study, we evaluated the consequences of acute inhibition of CCL8 in lipopolysac-

charide (LPS)-induced pulmonary inflammation using a novel anti-CCL8 antibody we have developed. For our

studies, we focused on outbred deer mice (Peromyscus maniculatus); since CCL8 in these animals is more

similar to human than mouse CCL8, it can be targeted more effectively by anti-CCL8 therapeutics that have

been developed against human CCL8, allowing the assessment of CCL8 inhibition in the context of a genet-

ically diverse population at which groups of siblings could be interrogated.27–29 Our results suggest an impor-

tant role for CCL8 during lung injury consistent with a permissive function for this chemokine during acute lung

injury.

RESULTS

Genetic deficiency of CCL8 mitigates pulmonary inflammation in mice

To test if CCL8 is implicated in inflammation at lung injury, we initially performed a pilot study in which wild

type (wt) and mice deficient for CCL8 (CCL8KO)13,14 received LPS via nebulizer to evaluate the extent of

lung inflammation.30–32 The histological assessment indicated moderate inhibition of inflammation in

the lungs of CCL8-deficient mice that remained marginally insignificant (p = 0.0790) compared to the wt

controls (Figures 1A and 1B). Evaluation of IL6, IL1b, and TNFa, which are linked to the cytokine cascade

at lung injury, showed that TNFa was significantly suppressed in the lungs of CCL8KO mice following

the administration of LPS (Figure 1C).

Anti-CCL8 antibody 1G3E5 inhibits CCL8 activity

We hypothesized that the moderate impact of CCL8 ablation recorded in CCL8KO mice might be related

to the fact that CCL8 deficiency is constitutive, implying in turn that the acute inhibition of CCL8 may have

Figure 1. Effect of CCL8 genetic ablation in LPS-induced pulmonary inflammation in mice

Animals received 2.5 mg LPS via a nebulizer and were sacrificed 6 hrs later.

(A) Representative microphotographs of H&E-stained sections of lungs of wt and CCL8KO mice that received LPS

showing the development of hyaline membranes (yellow arrows), the presence of neutrophils (red arrows), and the

formation of proteinaceous debris in the alveolar spaces (blue arrows) (scale bar: 25 uM).

(B) Scoring of inflammation was evaluated histologically in wt (n = 5) and CCL8KO (n = 8) mice. Side by side dot plot is

shown. p value is indicated (Mann-Whitney U test).

(C) Expression of IL1b, IL6, and TNFa in the lungs of wt (n = 5) and CCL8KO mice (n = 7) following LPS administration as

described. Results were normalized versus GAPDH expression, expressed in arbitrary units (AU), and analyzed by

unpaired t-test. Data are represented as mean G SEM. P values are indicated.
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more pronounced effects during acute lung injury. To that end, we developed a neutralizing antibody

against human CCL8 that could potentially be used to inhibit CCL8 activity in human patients. Sequencing

of the hybridomas revealed the presence of a single H and two L chains suggesting that 3 antibody species,

corresponding to the 2 L chains and their hybrid, may be present and active (Figure S1). In view of the

low homology between human and mouse CCL8 (71%, Figure 2A), especially at the antigenic peptide

used for the development of 1G3E5 (6 out of 14 amino acid identities, Figure 2A), we explored if other

experimental rodent models encode for a CCL8 ortholog that possesses higher similarity to hCCL8 than

mCCL8. We identified Peromyscus maniculatus (North American deer mouse) with 80% similarity with

human CCL8 retained in the antigenic peptide (10 out of 14 amino acid identities, Figure 2A). To explore

the potency of 1G3E5 in inhibiting pCCL8, we compared its neutralizing activity against hCCL8-and pCCL8-

induced migration of RAW macrophages. As shown in Figure 2B, clone 1G3E5 significantly inhibited

RAW macrophage migration that was stimulated by both human and P. maniculatus CCL8 (hCCL8

and pCCL8, respectively). Thus, we proceeded with in vivo studies using outbred deer mice as a rodent

model.

1G3E5 potently inhibits lung inflammation in deer mice treated with lipopolysaccharides

To evaluate if acute suppression of CCL8 by neutralizing antibody 1G3E5 interferes with lung inflammation,

we administered LPS alone or combined with 1G3E5 to genetically diverse deer mice, and after 6 hrs, we

evaluated lung histology. For this study, available sibling pairs were distributed evenly in the LPS and the

1G3E5+LPS groups to reduce effect bias due to genetic differences of the experimental animals. Admin-

istration of 1G3E5 was well tolerated, and no evidence of toxicity was recorded. As shown in Figure 3, LPS

significantly induced lung inflammation with the presence of several neutrophils, the formation of hyaline

membranes, the presence of proteinaceous debris in the alveolar spaces, and the thickening of the alveolar

septa, and this effect was mitigated by 1G3E5 (p < 0.05).

Then, we evaluated the effects of LPS alone or in combination with 1G3E5 by measuring the expression of

CCL8, IL1b, IL6, and TNFa in the lungs. As shown in Figure 4, LPS stimulated at variable levels the expres-

sion of IL1b, IL6, and TNFa, with more pronounced stimulation recorded for IL1b. This is likely due to the

Figure 2. Neutralizing activity of 1G3E5 against CCL8-induced migration

(A) Alignment between human CCL8 and either mouse (Mus) or deer mouse (Peromyscusmaniculatus) CCL8. Homologies

are shown. The antigenic peptide is indicated by the dashed blue square.

(B) Anti-CCL8 antibody 1G3E5 inhibits RAWmacrophage migration that is induced by either human or Peromyscus CCL8.

RAW cells migrated in the presence of hCCL8 or pCCL8 at 10 ng/mL alone or combined with 1G3E5 at 1.5 ug/mL. Results

are expressed as mean G SEM (n = 4) and analyzed by unpaired t-test. *, p < 0.05; ***, p < 0.001.
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genetic diversity of the animals. 1G3E5 caused an insignificant inhibition of these cytokines that was signif-

icant when administered in combination with LPS. Interestingly, while in line with earlier findings,18 CCL8

expression was not stimulated by LPS, and 1G3E5 inhibited its expression in both the control and the

LPS-treated animals. The fact that sibling pairs were included in the LPS and the LPS+1G3E5 groups facil-

itated paired analysis in cytokine expression to absorb the variation in expression levels due to the spec-

imens’ genetic heterogeneity. This analysis indicated significant inhibition of all cytokines, including CCL8,

by 1G3E5.

The expression of CCR1, CCR2, CCR3, CCR5, and CCR8 receptors that mediate the effects of CCL833–37

was also evaluated by semiquantitative qPCR in the lungs following LPS administration. Significant stimu-

lation of CCR2 and CCR5 expression was detected after the administration of LPS. Some reduction in re-

ceptors’ levels was detected in the 1G3E5 group but remained insignificant (Figure 5A).

The expression of CCL8 and chemokine receptors is correlated

The functional association between different regulators of inflammation can be unveiled by assessing their

degree of co-expression in pairwise comparisons. As shown in Figure 5B, in the LPS group, the expression

of chemokine receptors was highly coregulated, which is consistent with the execution of an orchestrated

response to LPS and the coregulation of the corresponding chemokine receptors. Similarly, IL1b and IL6,

but not TNFa, exhibited coregulation. It is noteworthy that CCL8 was consistently coregulated with the

CCRs but not with IL1b, IL6, and TNFa, suggesting that its regulation during inflammation proceeds inde-

pendently of these pro-inflammatory cytokines. During 1G3E5 treatment, these overall patterns were re-

tained, but the degree of coregulation decreased, implying that the inhibition of CCL8 activity disrupts

the execution of the pro-inflammatory response (Figure 5C).

1G3E5 suppresses the long-term effects of lipopolysaccharides in the lungs

The fact that lung inflammation is associated with the induction of pulmonary fibrosis prompted us to

explore if the inhibitory activity of 1G3E5 in cytokine expression and inflammation also influenced the sub-

sequent induction of fibrosis following LPS administration. To that end, animals were treated for 3

Figure 3. Effect of 1G3E5 in LPS-induced pulmonary inflammation in deer mice (P. maniculatus)

Animals received 2.5 mg LPS via a nebulizer and were sacrificed 6 hrs later.

(A) Representative microphotographs of H&E-stained sections of lungs of animals that received LPS showing the

development of hyaline membranes (yellow arrows), the presence of neutrophils (red arrows), and the formation of

proteinaceous debris in the alveolar spaces (blue arrows). These histological findings were abolished in the group that

received LPS+1G3E5 (scale bar: 25 uM).

(B) Scoring of inflammation evaluated histologically in animals that received saline (n = 3), 1G3E5 at 2.5 mg/kg (n = 3), LPS

(n = 5), or 1G3E5 at 2.5 mg/kg plus LPS (n = 5). Results were analyzed by the Kruskal-Wallis test. P value is indicated.
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consecutive days with LPS alone, in combination with 1G3E5, and non-specific IgG. Histology was evalu-

ated four weeks later. Induction of inflammation was detected in the lungs of the animals that received

LPS alone and in combination with non-specific IgG, but not in the animals treated with 1G3E5 (Figures 6

and S2). Fibrosis of the alveolar sacs and septa was also occasionally recorded (positive trichrome staining)

in the LPS and LPS + IgG groups, while staining was negative in the group treated with 1G3E5 (Figure 7).

Similar were the results when LPS was administered every other day, 5 times, for 10 days (not shown).

Beneficial effects of 1G3E5 after the induction of inflammation

The results presented above suggest that 1G3E5 protects against LPS-induced inflammation but do not

indicate whether it is beneficial when administered after the inflammation has been established. To explore

this deer mice (n = 6 per group) were injected with 1G3E5 24 hours after receiving LPS by inhalation. A his-

tological assessment performed 24 h later indicated that inflammation had been resolved (Figure 8).

Pharmacokinetics of 1G3E5

The mean plasma concentration-time profiles observed after the intravenous and intraperitoneal administra-

tion of 1G3E5 (2.5 mg /kg) are shown in Figure 9, and the corresponding pharmacokinetic parameters are

summarized in Table 1. In brief, peak concentrations were achieved at approximately 0.08 and 0.5 hours after

i.v. and i.p. administration. 1G3E5 concentrations declined after Tmax with a mean terminal elimination half-life

of 6 and 15.5 hours following i.v. and i.p. administration.MRT, the average time the drug stays in the body after

Figure 4. Effect of 1G3E5 in cytokine expression in deer mice

Expression of IL1b, IL6, TNFa, and CCL8 in the lungs of deer mice that received saline (n = 7), 1G3E5 at 2.5 mg/kg (n = 7),

LPS (n = 8), and 1G3E5 (n = 8) at 2.5 mg/kg plus LPS. Expression was normalized versus GAPDH expression and expressed

in arbitrary units (AU). Comparisons between all groups were performed by ANOVA, and the results are expressed as

meanG SEM. Significance is indicated as follows: #, p < 0.05; ###, p < 0.001. Comparisons between siblings in the groups

that received LPS alone or combined with 1G3E5 were performed by Wilcoxon non-parametric test. Significance was

indicated as follows: *, p < 0.05; **, p < 0.01. Inlets in dashed black ovals show the individual expression levels in the

siblings that received LPS or LPS plus 1G3E5. The mating number of parents is indicated. Results were analyzed by paired

t-test, and p values are indicated.
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i.p. administration, was significantly longer than i.v. The high bioavailability of 1G3E5 (80%) and long Tmax

(4 hrs) after i.p. injection indicated that 1G3E5 was slowly absorbed. The area under the serum concentration

versus time curve (AUC) was calculated using the trapezoidal method. The AUMC0–N was markedly higher

after i.p. administration than i.v., indicating 1G3E5 has long retention after i.p. injection.

DISCUSSION

The pro-inflammatory role of CCL8 has been established in the context of several pathologies that range

from autoimmune disorders, cancer, and more recently COVID-19-associated complications. Neverthe-

less, despite the abundance of experimental findings pointing to the beneficial effects of CCL8 inhibition,

no therapeutic modalities have been developed yet to block CCL8 activity for disease management. In the

present study, we report the development and preclinical assessment of a novel neutralizing mouse mono-

clonal antibody, 1G3E5, that inhibits the chemoattractive activity of hCCL8.

The beneficial activity of 1G3E5 has been evaluated in a rodent model of LPS-induced acute lung injury.

Instead of using conventional laboratory mice (genus Mus), we used outbred deer mice P. maniculatus

that offer some unique advantages: First, they express CCL8 that is more similar to human CCL8 than

that of Mus; therefore, they facilitate the assessment of a pharmaceutical agent that has been developed

to block human CCL8 in an animal model that resembles people more accurately in that regard. Second, by

being outbred, they mimic natural human populations that exhibit high genetic diversity. This becomes

particularly relevant in the context of chemokine-based therapeutics, especially for assessing immune sys-

tem responses that are highly diverse in people.38 Thus, they provide a system that permits the capture and

appreciation of the potential therapeutic value of anti-CCL8 therapeutics in a context that resembles hu-

man populations. Finally, by being animals bred in captivity, they allow experimentation in sibling pairs,

Figure 5. Effect of LPS and 1G3E5 in CCL8 receptors’ expression in deer mice

(A) Expression of CCR1, 2, 3, 5, and 8 in the lungs of deer mice that received saline (n = 7), 1G3E5 at 2.5 mg/kg (n = 7), LPS

(n = 8), and 1G3E5 (n = 8) at 2.5 mg/kg plus LPS. Expression was normalized versus GAPDH expression and expressed in

arbitrary units (AU). Comparisons between all groups were performed by ANOVA, and the results are expressed as

mean G SEM. Significance vs ctr is indicated as follows: *, p < 0.05; **, p < 0.01, ****, p < 0.00001.

(B and C) The heatmap correlation matrix depicts the degree of co-expression between chemokine receptors, CCL8, and

pro-inflammatory cytokines in sibling pairs of deer mice that received LPS alone (B) or combined with 1G3E5 (C).

Correlation coefficients are indicated.
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which in turn permits adequate pairwise comparison of the experimental findings in a context where the

power of statistical analysis is not compromised while genetic diversity and response heterogeneity are

maintained.

In our studies, 1G3E5 was well tolerated and its serum levels remained detectable 1day after IP administra-

tion in deer mice, while following IV administration its levels in the serum decreased considerably. In vivo,

1G3E5 was highly effective in mitigating the LPS-induced cytokine storm and the subsequent development

of pulmonary inflammation. These beneficial effects were recorded when 1G3E5 was administered both

simultaneously with LPS and when administered 24 h later after lung injury had been established. Similar,

albeit less pronounced, findings were also recorded in mice that were deficient for CCL8. It is plausible that

constitutive suppression of CCL8 activity in CCL8KOmice activates alternative pro-inflammatory pathways

that bypass the requirement for CCL8 in the induction of inflammation.

The fact that CCL8 was not elevated after LPS administration despite the strong effects of 1G3E5 in inhibiting

pulmonary inflammation suggests that CCL8 is only permissive for inducing the inflammatory response. In

addition, the enhanced expression after the LPS administration of at least CCR2 and CCR5 that mediate

the effects of CCL8 may be responsible for the beneficial effects of anti-CCL8 therapy. To that end, it is plau-

sible that under these conditions of experimental lung injury, CCL8 activity does not change considerably, but

the abundance of cells expressing CCL8 receptors does, and therefore, the inhibition of CCL8 activity be-

comes beneficial. Inhibition of CCL8 activity either by a neutralizing antibody in deer mice or by genetic abla-

tion of CCL8 in mice inhibited the expression of TNFa, causing the disruption of a CCL8-TNFa network. This

disruption was sufficient to inhibit TNFa expression and pulmonary inflammation.39,40

Figure 6. Long-term effects of 1G3E5 in LPS-induced lung inflammation in deer mice (P. maniculatus)

Animals received LPS (2.5 mg/5 mL saline) via nebulizer for three consecutive days and were sacrificed 4 weeks later.

1G3E5 was administered following the administration of LPS. Microphotographs show representative H&E-stained

sections of the lungs at which prominent mononuclear inflammatory infiltration and thickening of the alveolar septa are

seen in the animals that received LPS alone or combined with non-specific IgG (scale bar: 25 mM). In the animals that

received 1G3E5, the histopathology caused by LPS was abolished. Results are shown in the lower right panel and analyzed

by Kruskal Wallis test. p value is indicated. Bar diagram shows the density of inflammation scores for individual animals

that represent sibling pairs and received LPS in combination with either non-specific IgG or 1G3E5. The results were

analyzed by Wilcoxon signed rank test, and P-value is shown.
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The significance of CCL8 in inducing and sustaining inflammation is also illustrated by the reduced

coregulation between the different chemokine receptors in the 1G3E5-treated mice. While

CCRs and CCL8 were co-expressed following LPS treatment, co-expression was abolished in

the presence of 1G3E5, suggesting that the execution of a pro-inflammatory response had been

disrupted.

Figure 7. Trichrome staining (blue) for collagen

Representative images of trichrome-stained sections of lungs from the LPS + IgG and LPS+1G3E5 groups (scale bar: 25

uM) highlight the presence of fibrosis in the LPS + IgG as opposed to the LPS+1G3E5 group. Sections from 2 littermates

are shown corresponding to mating #2094 (from Figure 6). Positivity consistent with fibrosis is indicated by yellow arrows.

Figure 8. Effect of 1G3E5 administered after the induction of LPS-induced pulmonary inflammation in deer mice

(P. maniculatus)

Animals received 2.5 mg LPS via a nebulizer and 24 h later received either IgG or 1G3E5. Animals were sacrificed 24 h later

and lung histology was evaluated.

(A) Representative microphotographs of H&E-stained sections of lungs of animals that received LPS + IgG or LPS+1G3E5

(scale bar: 25 uM).

(B) Scoring of inflammation was evaluated histologically (n = 6 per group). Results were analyzed by the Mann Whitney U

test.
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The observation that the anti-CCL8 1G3E5 treatment was not associated with elevated levels of endoge-

nous CCL8 in the lungs of deer mice is of particular significance in view of earlier findings that attributed

the unsuccessful outcome of MCP-1 (CCL2) neutralizing strategies to the elevation in the expression of

the endogenous ligand.41–44 In this study, treatment with 1G3E5 resulted in the reduction of CCL8 in the

lungs of deer mice. This raises the possibility that besides the blockade of CCL8 activity, anti-CCL8 treat-

ment may cause either depletion of CCL8-positive cells or downregulation of CCL8 expression by the

CCL8-expressing cells.

These results collectively identify a significant role of CCL8 in acute lung injury and associated pro-inflam-

matory response. They suggest that the inhibition of CCL8 activity may represent a strategy of choice to

manage pathologies related to pulmonary inflammation. Our study also illustrates the power of outbred

deer mice in testing therapeutics in the context of genetically diverse populations and for targets at which

conventional laboratory mice may be inadequate.

Limitations of the study

We recognize that to appreciate the therapeutic potential of anti-CCL8 treatment for lung injury, follow-

up studies are needed to evaluate lung histology and function after longer time periods. In addition, the

study would greatly benefit from bronchoalveolar lavage cellular analysis and differential, and by

Figure 9. Mean serum concentration-time profiles of 1G3E5 following a single (2.5 mg/kg) intravenous (i.v.) and

intraperitoneal (i.p.) injection, n = 6 per data point

Table 1. Pharmacokinetic parameters of 1G3E5 after intraperitoneal and intravenous administration

Pharmacokinetic Parameters i.v. (2.5 mg/kg) i.p. (2.5 mg/kg)

AUC0-inf (mg.h/mL) 85.73 178.1

AUMC0-inf (mg.hr
2/mL) 269.74 2139.69

MRT (hr) 3.14 12

Tmax (hr) 0.08 4

Cmax (mg/mL) 14.15 9.69

t1/2 (hr) 7.1 15.5

F % – 80

Vd (mL) 5.96 6.29

Total Cl (mL/hr) 0.58 0.28

AUC, area under the curve; AUMC, area under the moment curve; Cmax, maximum concentration; Tmax, time to reach Cmax;

t1/2, elimination half-life; MRT, mean residence time; Vd, volume of distribution; Cl, total clearance; F, bioavailability. (F, %)

was calculated at Cmax for intraperitoneal administration using AUC0-4 of intraperitoneal/AUC0–4 of intravenous 3 100.

Cmax value for intravenous administration was observed at the first point of blood sampling, 0.08 hr
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flow cytometric analyses to quantify various inflammatory cell populations. Finally, cloning of the antibody and

its production as recombinant proteins to identify the most active clone would also be required.
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This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Male 3-4 months old wild type and CCL8KOmice in C57BL6 background were described before and main-

tained in our colony.13,14 Male P. maniculatus aged 18-24 weeks were obtained from the Peromyscus

Genetic Stock Center (Columbia, SC) (RRID:SCR_002769). The animals were housed in a temperature

and humidity-controlled roomwith a 12-h day/night cycle and free access to food and water. All animal pro-

cedures were approved by the Institutional Animal Care and Use Committee of the University of South Car-

olina (approval no 2489-101521-051920 and 2474-101463-102819).

Cell lines

RAW 264.7 Murine Macrophage cells were cultured in DMEM with 10% Fetal Bovine Serum (Corning). Cell

lines were frequently tested for mycoplasma contamination using a commercially available Mycoplasma

detection kit (Myco Alert kit, Lonza, Walkersville, MD, USA).

METHOD DETAILS

Antibody development

Antibody development was performed by Genscript (Piscataway, NJ). Briefly, the peptide

CINRKIPIQRLESYT-KLH was used to immunize BALB/c mice. Hybridomas were developed by using

SP2/0 myeloma cells. Different clones were evaluated, and 1G3E5 (IgG1, k) was selected for subsequent

studies. For all experiments, low endotoxin (<3 EU/mg) protein A purified antibody was used. The con-

centration of the Ab was determined indirectly by ELISA using a coating antigen CINRKIPIQRLESYT. Perox-

idase-AffiniPure Goat Anti-Mouse IgG, Fcg Fragment Specific (min X Hu, Bov, Hrs Sr Prot) was used as a

secondary antibody. Sequencing of H and L chains of hybridomas was performed by Genscript (Piscataway,

NJ).

Migration assay

About 1.03 106 RAW 264.7 MurineMacrophage cells were seeded on the top chamber of transwells (6-well

format, with 8-mm pore size insert, Costar, Waltham, MA, USA) in serum-free media and inserted in the

6-well plate. Bottom chamber of wells contained 10 ng/mL of human CCL8 (Cell Guidance Systems St Louis,

MO, USA), 10 ng/mL of Peromyscus CCL8 (GeneScript Biotech Piscataway, NJ, USA), 1.5 mg/mL 1G3E5 anti-

body (GeneScript Biotech Piscataway, NJ, USA), a mixture of 10 ng/mL human CCL8 with 1.5 mg/mL 1G3E5

antibody and a mixture of 10 ng/mL Peromyscus CCL8 with1.5 mg/mL 1G3E5 antibody for 24 h. All condi-

tions were added in DMEM medium supplemented with 10% FBS, including control. Experiments were

performed in duplicates. After 24 h, the transwells were removed, and cells in the bottom chamber were

collected and centrifuged for 5 min at 800 g. Supernatant was removed, and cells were resuspended by

adding 100 mL DMEM. Cells were counted by placing in Counting Slides, Dual Chamber (Bio-Rad Labora-

tories, Hercules, CA), then into TC20 Automated Cell Counter (Bio-Rad Laboratories, Hercules, CA). CCL8

peptides were purchased from Cell Guidance Systems LLC, St. Louis MO (hCCL8), or synthesized by Gen-

script (Piscataway, NJ) (pCCL8).

Inhalation of LPS

Animals were exposed to nebulized saline or LPS. The animals were placed in a polysulfone cage with a

filter on the top, connected to a nontoxic PVC tube at one end, and attached to the nebulizer on the other.

A total 5 mL volume LPS (Escherichia coli (serotype O111: B4; Sigma-Aldrich) at 500 mg/mL in 0.9% saline

was aerosolized for 30 min. Aerosols were generated by a compressed-air nebulizer at an airflow of 7 L/min,

yielding a particle size of 0.5 mm. For the control group, 5 mL of saline solution, 0.9% NaCl was nebulized.

We used two identical nebulization systems to prevent contamination of the control group.

In vivo studies

Antibody 1G3E5 (anti-CCL8 neutralizing antibody) was administered intraperitoneally at a dose

of 2.5 mg/kg immediately after the animal received LPS through inhalation. Experimental groups
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(n = 7–8/group) were designed as follows for the acute response study: Control (saline solution-nebulized

and received 100 mL saline i.p.), LPS (LPS-nebulized (dose: 2.5 mg/5 mL saline) for 30 min and received

100 mL saline i.p.), SAL + 1G3E5 (saline solution-nebulized and 1G3E5 was administered i.p. at a dose of

2.5 mg/kg), LPS + 1G3E5 (LPS-nebulized (dose: 2.5 mg/5 mL saline) for 30 min and 1G3E5 was administered

i.p. at a dose of 2.5 mg/kg). All the animals were sacrificed after 6 hours, and the lung tissue was collected

for histology and qPCR assay. To assess fibrosis in the lungs, three experimental groups (n = 5/group) were

designed as follows: All animals were exposed for 3 consecutive days to nebulized LPS (dose: 2.5 mg/5 mL

saline) for 30 min, then the LPS group received 100 mL saline, i.p.; The LPS + IgG group received IgG

2.5 mg/kg i.p., and the LPS + 1G3E5 group received 2.5 mg/kg 1G3E5 i.p. After four weeks, the animals

were sacrificed for histological examination. To evaluate the therapeutic potential of 1G3E5 animals

(n = 6 per group) received LPS as described by inhalation and then 1G3E5 or IgG i.p. 24 h later. Animals

were sacrificed for histological analyses 24 h later.

Measurement of cytokine expression

The expression level of IL1b, IL6, TNFa, and CCL-8 in the lungs were evaluated using real-time PCR, as pre-

viously reported.13 The expression of GAPDH was used as an internal control. primer sequences used for P.

maniculatus and Mus musculus mice can be found in Table S1.

Tissue collection

The animals in each group were euthanized at the end of the study via isoflurane inhalation overdose for

tissue collection. Lungs were removed and fixed for 48 h in 10% formalin and subsequently embedded

in paraffin blocks via a standard protocol.

Histopathology

Formalin-fixed tissues were embedded in paraffin blocks and sectioned at 5-7 mm. The tissue sections were

stained with hematoxylin and eosin (H&E) for histological evaluation. The histopathological analyses of the

lungs were performed blindly by a certified pathologist. Lung injury was assessed based on the scoring sys-

tem suggested by Matute-Bello et al.45 The scale used was from 0 to 2 for each of the following criteria: A)

neutrophils in the alveolar space, B) neutrophils in the interstitial space, C) hyaline membranes, D) protein-

aceous debris filling the airspaces, and E) the extent of the septal thickening. The final score (0-2) was the

result of the following calculation based on the Score = [(20xA)+(14xB)+(7xC)+(7xD)+(2xE)]/number of

fieldsx100).45 For the experiment at which the animals were left for almost a month after the administration

with LPS, LPS + IgG, or LPS+1G3E5, histological evaluation was based on the number of the mononuclear

cell infiltration and the thickening of the septa. Trichrome staining (Abcam, Connective Tissue Stain,

ab150686) was also performed to evaluate lung fibrosis. Representative images were taken at 40x using

a Leica ICC50W camera on a Leica DM 1000 microscope.

Pharmacokinetics study

Male P. maniculatus aged 20-24 weeks (20-24 g) were used for pharmacokinetics analysis. The mice were

divided into two groups for i.p. and i.v. injection; n = 6. In both groups, mice were treated with a single

dose of 1G3E5 at 2.5 mg/kg in 100 mL saline. Blood samples (20 mL) were collected 0.08, 0.5, 2, 4, 6, 9,

12, 24, and 48 h after i.v. and 0.5, 2, 4, 6, 9, 12, 24, and 48 h after i.p. administration. Samples were centri-

fuged at 5,000 rpm for 10 min at 4�C and sera stored at �80+ C until analyzed by ELISA.

ELISA for 1G3E5

Invitrogen (Nunc MaxiSorp� flat-bottom) 96-well plates were coated with 1 mg/mL of CCL8 antigen diluted

in coating buffer (0.05M carbonate buffer, pH = 9.6), and incubated at 4�C overnight. Afterward, the plates

were washed three times with 200 mL/well of washing buffer and then blocked with 200 mL/well of 1% non-

fat dry milk in PBS; PH = 7.4 for 2 h at room temperature (RT) to prevent an unspecific reaction. Then, the

plates were washed four times using 200 mL/well of washing buffer, and the standards and diluted (100

times with blocking buffer) serum samples (100 mL/well) were added and incubated for 75 min at RT with

gentle continual shaking. For labeling, the plates were washed four times and treated with mice IgG

HRP-conjugated antibody diluted in blocking buffer (1:5.000) for 30 min at RT. The plates were washed

and revealed with 100 mL/well of TMB for 30 min. This reaction was stopped by adding 100 mL/well of

stop solution, and the absorbance was read at 450 nm using Bio-Rad iMarkTM Microplate Reader. Using
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the standard curves, total counts of absorbance units were converted to micrograms per milliliters (mg/mL)

of 1G3E5.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed by ANOVA or Kruskal Wallis test and unpaired t-tests or MannWhitney U

test as indicated, and results were considered significant if p < 0.05. For pairwise comparisons between

siblings, Wilcoxon signed rank test or paired t-test was performed, as shown in the results and figure

legends.
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