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Abstract

Background: Due to recurrent hypoxia-reperfusion injury induced by vaso-occlusive crises (VOC), patients with
sickle cell disease (SCD) may have intestinal injury and increased permeability. These may explain the qualitative and
quantitative neutrophil abnormalities observed in these patients.

Methods: Serum intestinal fatty-acid binding protein (iFABP), lipopolysaccharides (LPS), and CD62L were measured
by ELISA. Multicolor flow cytometry was used to measure circulating aged neutrophils.

Results: Compared to controls, SCD individuals had higher iFABP (median: 1.38 ng/ml vs 0.81 ng/ml; p=0.04) and

LPS (median: 2.15 pg/ml vs 0.69 pg/ml; p=0.03), indicating intestinal injury and increased intestinal bacterial translo-
cation into the systemic circulation. They also had higher soluble CD62L (median: 1.38 ug/mlvs 1.11 ug/ml; p=0.04).
Among SCD individuals, soluble CD62L correlated positively with circulating aged neutrophils (R=0.7, p=0.03) and
LPS (R=10.66, p=0.027). Surprisingly, serum iFABP in SCD correlated negatively with both LPS (R=—0.7, p=0.02) and
soluble CD62L (R=—0.56, p =0.08).

Conclusions: Since LPS translocation across the intestinal barrier may be due to increases in the intestinal bacterial
density, gut permeability, or both, the negative correlations between iFABP and LPS, and CD62L raise the possibility
that any damage-associated molecular patterns induced by intestinal injury may modulate the degree of bacterial
translocation. Our results provide the first evidence of the presence of intestinal injury and increased gut permeability

in SCD.
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Background

SCD is associated with progressive multi-organ dysfunc-
tion. Although the sequelae of SCD are well-described in
the pulmonary, neurologic, renal, and cardiovascular sys-
tems, evidence implicating abnormalities in the gastroin-
testinal system is lacking. Indirect evidence supporting
VOC affecting the intestine includes the reported cases
of ischemic colitis in SCD [1-3]. The propensity for the
splenic artery, part of the splanchnic vasculature, of pedi-
atric SCD to develop atherosclerosis [4] also supports
VOC occurring in the intestinal vasculature. However,
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direct evidence implicating changes in the intestinal
pathophysiology is lacking.

Main text

We and others have recently provided the first direct
evidence of abnormalities in the intestine in SCD. We
demonstrated that the intestinal microbiome is altered in
these individuals [5, 6]. The altered intestinal microbiome
is most likely the result of VOC causing hypoxia-rep-
erfusion injury [7]. Probably as a result of a compensa-
tory increase in abundance of intestinal Clostridiales,
the altered intestinal microbiome appeared to protect
SCD individuals from Clostridium difficile infection
(CDI) compared to hospital-wide populations [8]. To
further evaluate how the intestine might be affected by
SCD, we have set out in this study to identify evidence
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for intestinal injury and gut permeability and the conse-
quences of these pathologic changes in these individuals.

Materials and methods

Subjects and specimens

Subjects with Hb SS (n=11) and iron deficiency ane-
mia (n=238) of comparable hemoglobin were included in
the study. SCD subjects were included in the study only
if they had not developed any painful VOC within the
4 weeks of the specimens being collected. We chose indi-
viduals with iron deficiency anemia but without SCD as
controls to exclude any contribution anemia per se might
have on the measured parameters. The smoking habit,
gender distribution, age, and weight between the two
groups were also comparable. The study was approved by
the Institution Review Board.

Analysis of circulating aged neutrophils

Peripheral blood was lysed with ACK lysing buffer
(Gibco, Cat# A1049201) and the nucleated cells were
stained with the following conjugated monoclonal anti-
bodies: CD62L-APC, CD115-PE-Cy7, CXCR4-PE, and
Gr-1-FITC (all from eBioscience, USA). Flow cytom-
etry was carried out on the Moflo XDP Sorter (BD Bio-
sciences). Dead cells were excluded by FSC, SSC and
Propidium iodide. Neutrophils were gated by Gr-1M
CD115% SSCM and aged neutrophils gated by CD62L"°
CXCR4"M within the neutrophil population.

Measurements of soluble CD62L, LPS, and iFABP

Peripheral markers of intestinal integrity were meas-
ured by enzyme-linked immunosorbent assays using
commercially available kits: iFABP (Life Technologies,
USA), soluble CD62L (Life Technologies, USA) and LPS
(Cloud-Clone Corp. USA). All measurements were made
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in triplicates and the results confirmed in one independ-
ent repeat of the experiment.

Results and discussion
Hypoxia-reperfusion injury causes tissue damage. Intes-
tinal damage would, therefore, be expected if sickle
cell VOC affects the splanchnic vasculature. Intestinal
FABP is expressed in enterocytes of the small intestine.
Since iFABP is released into the systemic circulation
when there is intestinal damage, measurements of the
serum iFABP in SCD would provide the evidence for
intestinal injury due to VOC affecting the splanchnic
vasculature. In this study, the serum iFABP in SCD indi-
viduals was significantly higher than that in the control
group (median: 1.38 ng/ml [range 0.61-3.17] vs 0.8 ng/
ml [range 0.53-1.12]; two-tailed p=0.04) (Fig. 1a), pro-
viding the first evidence of intestinal injury in SCD. In
addition, we found increased translocation of bacterial
products across the intestinal barrier into the systemic
circulation in SCD, as measured by the higher serum LPS
levels (median: 2.15 pg/ml [range 1.03—4.56] vs 1.2 pg/ml
[range 0.60—-3.70]; two-tailed p=0.03) (Fig. 1b). In keep-
ing with the findings in a previous study [9], SCD individ-
uals in our study also had higher levels of soluble CD62L
(median: 1.38 pg/ml [range 1.03—-1.97] vs 1.11 pg/ml
[0.73-1.55]; two-tailed p=0.04) (Fig. 1c), indicating the
presence of higher activated neutrophils in circulation.
Aged neutrophils are pivotal in the pathogenesis of
VOC. Since we found, in SCD, that soluble CD62L was
elevated, we next determined how soluble CD62L corre-
lated with percent circulating aged neutrophils. Elevated
serum soluble CD62L predicted for higher percent of cir-
culating aged neutrophils (R=0.7; two-tailed p=0.03)
(Fig. 2a). This result supports the utilization of soluble
CD62L as the surrogate for circulating aged neutrophils
in our subsequent data analysis. We identified that serum
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Fig. 1 Comparison between individuals with sickle cell disease (SCD) and controls with iron deficiency anemia of comparable hemoglobin. a SCD
patients had higher levels of serum iFABP compared to controls, indicating the presence of intestinal injury in SCD. b SCD patients had higher levels
of serum LPS compared to controls, indicating increased amounts of bacterial products being translocated across SCD intestinal barrier to the
systemic circulation. ¢ SCD patients had higher levels of soluble CD62L compared to controls, indicating increased peripheral neutrophil activations
in SCD. (Horizontal bars represent the means)
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Fig. 2 Correlations between soluble CD62L and predetermined parameters in SCD individuals. a Soluble CD62L correlated closely with percent
circulating aged neutrophils, supporting the utilization of CD62L as the surrogate for circulating aged neutrophils in our subsequent experiments.
b Serum LPS correlated positively with soluble CD62L, suggesting the role of LPS in modulating circulating aged neutrophils. ¢ iFABP correlated
negatively with serum LPS, and d with soluble CD62L in SCD, raising the possibilities that either DAMPs induced by intestinal injury modulate
intestinal microbial density, or rapid cell turnover of enterocytes induced by intestinal injury produces new enterocytes well-endowed with
functional tight junctions that reduce bacterial product translocation across the intestinal barrier
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LPS correlated positively with soluble CD62L (R=0.66;
two-tailed p =0.027) (Fig. 2b), supporting the notion that
LPS translocated across the intestinal barrier into the
systemic circulating might be, at least in part, responsible
for modulating circulating aged neutrophils in SCD.
Since elevated translocation of LPS across the intestinal
barrier may be the result of increase in either gut perme-
ability or intestinal microbial density, we next determined
the relationship between serum iFABP and LPS. If serum
LPS is solely due to a compromised gut barrier, serum
iFABP in SCD would be expected to correlate positively
with LPS levels and percent of circulating aged neutro-
phils. However, to our surprise, a negative correlation
between serum LPS and iFABP (R=-—0.7; two-tailed
p=0.02) (Fig. 2c) was observed. Similarly, a negative cor-
relation trending towards significance occurred between
serum iFABP and soluble CD62L (R=—0.57; two-tailed

p=0.08) (Fig. 2d). These negative correlations may be
accounted for by one of two explanations, or both. First,
in SCD individuals with elevated iFABP reflecting a more
intense degree of intestinal injury, high levels of damage-
associated molecular patterns (DAMPs) are produced
that are bactericidal, leading to reduction in the intestinal
microbial density that in turns decrease the LPS avail-
able for translocation across the gut barrier. Second, SCD
individuals with elevated iFABP reflecting a more intense
degree of intestinal injury are associated with a more
rapid cell turnover of enterocytes, producing new entero-
cytes that are endowed with healthy tight junctions to
reduce the gut permeability and LPS translocation.

SCD individuals have higher white cell counts than
those with Hb AA phenotype [10]. Their neutrophils
showed higher levels of activation molecules, e.g. CD64
[9] and CD11b/CD18 [11], and they have elevated soluble
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CD62L, a marker of neutrophil activation [9]. In SCD
mice, sickled erythrocytes were more likely to adhere to
activated neutrophils than to endothelium [12]. Immo-
bilized neutrophils are the niduses for sickled eryth-
rocytes to attach to and cause VOC. SCD mice treated
with broad-spectrum antibiotics had lower number of
circulating aged neutrophils and were protected from
fatal tumor-necrosis factor-a (TNFa)-induced VOC
[13]. Aged neutrophils are regulated in mice via toll-like
receptor (TLR) 2/4 and Myd88 [14], both are receptors
for pathogen-associated molecular patterns (PAMPS)
[14, 15]. Neutrophils are commonly activated in response
to the release of inflammatory cytokines following recep-
tor recognition of PAMPs. We previously postulated that
an altered intestinal microbiome or increased microbial
density in the setting of a compromised intestinal bar-
rier allows enhanced bacterial translocation into the
bloodstream. These microbes or their products encoun-
ter and activate neutrophils, potentially explaining the
higher baseline neutrophils and circulating aged neutro-
phils [16]. The results of our current study support this
hypothesis.

Conclusions

In summary, SCD is associated with intestinal injury and
increased bacterial translocation across the gut barrier.
The degree of bacterial translocation into the systemic
circulation is likely determined by the balance between
changes in the gut permeability and control of intesti-
nal microbial density by DAMPs produced that might be
a result of intestinal injury. Further study into this deli-
cate interaction may provide clues to future therapeutic
approaches for the disease.

Abbreviations

CDI: Clostridium difficile infection; DAMPs: damage-associated molecular
patterns; Hb SS: sickle cell hemoglobin; iFABP: intestinal fatty acid binding
proteins; LPS: lipopolysaccharides; PAMPs: pathogen-associated molecular pat-
terns; SCD: sickle cell disease; TLR: toll-like receptor; TNF: tumor necrosis factor;
VOC: vaso-occlusive disease.

Acknowledgements
None.

Authors’ contributions

SHL, BM, and AM were responsible for conceiving the ideas, DD and SA car-
rying out the research, and SHL wrote the manuscript. All authors read and
approved the final manuscript.

Funding
This work is funded by a grant from Valeant Pharmaceuticals International.

Availability of data and materials
Yes, upon request.

Ethics approval and consent to participate
Approved by IRB of New York Medical College.

Consent for publication
Not applicable.

Page 4 of 4

Competing interests
The authors declare that they have no competing interests.

Author details

! Division of Hematology and Hemostasis, New York Medical College, 19
Bradhurst Avenue, Suite 25755, Hawthorne, Valhalla, NY 10595, USA. % Center
for Medicine and the Microbiome, Department of Medicine, University of Pitts-
burgh, Pittsburgh, PA 15213, USA. 3 Department of Immunology and Microbi-
ology, New York Medical College, Valhalla, NY 10595, USA.

Received: 12 May 2019 Accepted: 24 May 2019
Published online: 30 May 2019

References

1. Gage TP, Gagnier JM. Ischemic colitis complicating sickle cell crisis. Gas-
troenterol. 1983;84:171-4.

2. Karim A, Ahmed S, Rossoff LJ, Siddiqui R, Fuchs A, Multz AS. Fulminant
ischaemic colitis with atypical clinical features complicating sickle cell
disease. Postgrad Med J. 2002,78:370-2.

3. Green BT, Branch MS. Ischemic colitis in a young adult during sickle cell
crisis: case report and review. Gastrointest Endosc. 2003;57:605-7.

4. de Chadarevian JP, Balarezo FS, Heggere M, Dampier C. Splenic
arteries and veins in pediatric sickle cell disease. Pediatr Dev Pathol.
2001;4:538-44.

5. Lim SH, Morris A, Li K, Fitch AC, Fast L, Goldberg L, Quesenberry M, Sprinz
P, Methé B. Intestinal microbiome analysis revealed dysbiosis in sickle cell
disease. Am J Hematol. 2018,93:E91-3.

6.  Brim H, Vilmenay K, Atefi N, Abdul A, Daremipouran M, Lee EL, Gillevet
PM, O'Neal P, Ashktorab H. Gut microbiome analysis reveals major dysbio-
sis in sickle cell diseases patients with a prevalence of Veillonella strains.
Gastroenterol. 2017;152(Suppl. 1):S631.

7. Moreno-Indias |, Torres M, Montserrat JM, Sanchez-Alcoholado L, Cardona
F, Tinahones FJ, Gozal D, Poroyko VA, Navajas D, Queipo-Ortufio MI, Farré
R. Intermittent hypoxia alters gut microbiota diversity in a mouse model
of sleep apnoea. Eur Respir J. 2015;45:1055-65.

8. Ahmed J, Kumar A, Jafri F, Batool S, Knoll B, Lim SH. Lower incidence of
hospital-onset Clostridium difficile infection in sickle cell disease. N Engl J
Med. 2019;380(9):887-8.

9. Lard LR, Mul FP, de Haas M, Roos D, Duits AJ. Neutrophil activation in
sickle cell disease. J Leukoc Biol. 1999;66:411-5.

10. Anyaegbu CC, Okpala IE, Akren'Ova YA, Salimonu LS. Peripheral blood
neutrophil count and candidacidal activity correlate with the clinical
severity of sickle cell anaemia (SCA). Eur J Haematol. 1998;60:267-8.

11. Lum AF, Wun T, Staunton D, Simon SI. Inflammatory potential of neutro-
phils detected in sickle cell disease. Am J Hematol. 2004;76:126-33.

12. Turhan A, Weiss LA, Mohandas N, Coller BS, Frenette PS. Primary role for
adherent leukocytes in sickle cell vascular occlusion: a new paradigm.
Proc Natl Acad Sci USA. 2002;99:3047-51.

13. Zhang D, Chen G, Manwani D, Mortha A, Xu C, Faith JJ, Burk RD, Kunisaki
Y, Jang JE, Scheiermann C, Merad M, Frenette PS. Neutrophil ageing is
regulated by the microbiome. Nature. 2015;525:528-32.

14. Tartey S, Takeuchi O. Pathogen recognition and Toll-like receptor targeted
therapeutics in innate immune cells. Int Rev Immunol. 2017;36:57-73.

15. Wiens M, Korzhev M, Krasko A, Thakur NL, Perovi¢-Ottstadt S, Breter HJ,
Ushijima H, Diehl-Seifert B, Mller IM, Miller WE. Innate immune defense
of the sponge Suberites domuncula against bacteria involves a MyD88-
dependent signaling pathway Induction of a perforin-like molecule. J Biol
Chem. 2005;280:27949-59.

16. Lim SH, Fast L, Morris A. Sickle cell vaso-occlusive crisis: it's a gut feeling. J
Transl Med. 2016;14:334.

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



	Intestinal injury and gut permeability in sickle cell disease
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Main text
	Materials and methods
	Subjects and specimens
	Analysis of circulating aged neutrophils
	Measurements of soluble CD62L, LPS, and iFABP

	Results and discussion
	Conclusions
	Acknowledgements
	References




