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Abstract

BACKGROUND: While very low birth weight (VLBW) infants often require multiple red blood 

cell transfusions, efforts to minimize transfusion-associated risks have resulted in more restrictive 

neonatal transfusion practices. However, whether restrictive transfusion strategies limit 

transfusions without increasing morbidity and mortality in this population remains unclear. Recent 

epidemiologic studies suggest that severe anemia may be an important risk factor for the 

development of necrotizing enterocolitis (NEC). However, the mechanism whereby anemia may 

lead to NEC remains unknown.

STUDY DESIGN AND METHODS: The potential impact of anemia on neonatal inflammation 

and intestinal barrier disruption, two well-characterized predisposing features of NEC, was defined 

by correlation of hemoglobin values to cytokine levels in premature infants and by direct 

evaluation of intestinal hypoxia, inflammation and gut barrier disruption using a pre-clinical 

neonatal murine model of phlebotomy-induced anemia (PIA).
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RESULTS: Increasing severity of anemia in the preterm infant correlated with the level of IFN-

gamma, a key pro-inflammatory cytokine that may predispose an infant to NEC. Gradual 

induction of PIA in a pre-clinical model resulted in significant hypoxia throughout the intestinal 

mucosa, including areas where intestinal macrophages reside. PIA-induced hypoxia significantly 

increased macrophage pro-inflammatory cytokine levels, while reducing tight junction protein 

ZO-1 expression and increasing intestinal barrier permeability. Macrophage depletion reversed the 

impact of anemia on intestinal ZO-1 expression and barrier function.

CONCLUSIONS: Taken together, these results suggest that anemia can increase intestinal 

inflammation and barrier disruption likely through altered macrophage function, leading to the 

type of predisposing intestinal injury that may increase the risk for NEC.

INTRODUCTION:

Preterm births comprise at least 1 of every 10 live births annually and are the leading 

contributor to neonatal mortality worldwide.1 One of the most common complications of 

preterm birth, particularly in very low birth weight (VLBW) infants weighing < 1500 g, is 

anemia.2,3 As a result, preterm infants frequently receive multiple transfusions within the 

first weeks of life, primarily owing to an immature hematopoietic system coupled with 

phlebotomy losses from frequent blood sampling.2–4 However, as red blood cell (RBC) 

transfusion is not without risk, many clinicians have opted for more restrictive neonatal RBC 

transfusion practices in recent years.5 Despite changes in practice, there is no clear 

consensus as to whether a restrictive RBC transfusion strategy is effective in limiting 

transfusions without increasing morbidity and mortality in this population.

Although allowing more permissive levels of anemia may be justified in certain patient 

populations,6 epidemiologic studies have raised concerns regarding the safety of increased 

tolerance of neonatal anemia in preterm infants. These studies have found severe anemia to 

be an independent risk factor for necrotizing enterocolitis (NEC), a devastating intestinal 

disease and major cause of preterm infant mortality.5,7–11 Indeed, retrospective studies and a 

meta-analysis of trials comparing restrictive vs. liberal transfusion strategies suggested a 

potentially higher risk of NEC among preterm infants managed by restrictive transfusion 

approaches (pooled relative risk 1.6; 95% CI 0.8–3.1).9,12 Moreover, a recent multicenter, 

prospective observational study evaluating time-varying exposure to anemia reported a 

higher risk of NEC among infants with severe anemia compared to those without severe 

anemia (adjusted hazard ratio 6.0; 95% CI 2.0–18.0)8. Importantly, while previous studies 

suggest that transfusion itself may cause transfusion-associated gut injury (TRAGI),13 this 

study failed to find an association between transfusion and NEC,8 suggesting the severity of 

anemia rather than exposure to RBC transfusion is a primary risk factor for NEC in this 

population.

While NEC accounts for 1 in 10 deaths in US neonatal intensive care units,14 the underlying 

factors that alter the intestinal environment and lead to an increased risk of developing NEC 

has remained inadequately understood for many years. While the etiology of NEC is 

incompletely defined, it is multifactorial, involving multiple insults including formula 

feeding, microbial imbalance, inadequate oxygen delivery, immature intestinal development 
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and/or possible genetic factors that remain to be determined. Although NEC is a 

multifactorial disease, aberrant immune regulation and uncontrolled inflammation coupled 

with an impaired intestinal barrier has been a common pathogenic feature that can cause 

intestinal injury and increase the risk of progression to ischemic and inflamed bowel 

characteristic of NEC. However, the factors that drive this aberrant immune regulation and 

barrier dysfunction are incompletely understood.

Given the recent clinical association that suggests anemia may be a risk factor for NEC and 

previous data implicating immune dysregulation as a key priming event in NEC 

development,9,11,12,15–18 we sought to define the impact of anemia itself on neonatal 

immune function and intestinal injury, two key risk factors that may increase the 

susceptibility to developing NEC. Our results demonstrate that anemia in VLBW preterm 

infants is associated with a significant increase in IFNγPhlebotomy-induced anemia 

(PIA)19,20 in a pre-clinical model not only increases intestinal mucosa hypoxia, but likewise 

increases the pro-inflammatory activity of intestinal macrophages. PIA results in significant 

decreases in tight junction ZO-1 expression with concomitant loss in intestinal barrier 

function, while removal of macrophages reverses the impact of anemia on ZO-1 expression 

and intestinal barrier activity. Taken together, these results suggest that anemia can directly 

alter neonatal immune and intestinal barrier function, leading to the type of intestinal injury 

that may predispose a neonate to subsequent development of NEC.

MATERIALS AND METHODS:

Serum collection and cytokine analysis –

Residual serum samples were prospectively collected in a cohort of infants admitted to the 

University of Iowa neonatal intensive care unit (NICU) between February 2013 and May 

2017, with institutional review board consent. Cytokine concentration was determined using 

a commercial electrochemiluminescence detection plate assay (Meso Scale Discovery) for 

IFNγ, IL10, IL12p70, IL1β, IP10 and IL18, according to the manufacturer’s 

recommendations, except that a dilution of 1:4 instead of 1:2 was employed to allow 

detection in the linear range. Neonates who developed NEC or sepsis were excluded from 

this analysis to reduce the probability of confounding changes in cytokine levels that could 

reflect other disease processes and not anemia alone.

Mice –

C57Bl/6 (B6) pups were acquired from timed pregnant dams (Charles River, Wilmington, 

MA). Mice were housed in Emory University Department of Animal Resources facilities. 

All procedures were performed according to approved Institutional Care and Use Committee 

(IACUC) protocols.

Phlebotomy Induced Anemia (PIA) –

Anemia was induced by twice-daily phlebotomy (5.25 μL/g), from day three after birth 

(postnatal day 3 (P3)) to obtain and maintain the desired hematocrit of <25% as outlined 

previously.19,20 Graduated glass microhematocrit tubes were used to measure blood draws 

and hematocrit. Control pups were pricked through the neck scruff without bleeding.
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Hypoxyprobe and Immunofluorescence Staining –

On P8, Hypoxyprobe-1 (Pimonidazole HCl) (Hypoxyprobe, inc.) was administered by 

intraperitoneal (IP) injection (60 mg/kg) according to the manufacturer’s protocol. Intestines 

were harvested after 1 hour. Tissue sections were prepared as described previously.21 5 μm 

tissue sections were stained with anti-pimonidazole (clone 4.3.11.3) (1:500, overnight, 4°C), 

followed by goat anti-mouse IgG Alexa-555 (ThermoFisher) (1:500, 1 hour, room 

temperature). Alternatively, sections were incubated with rabbit anti-mouse HIF1α (1:500, 1 

hour, room temperature) followed by goat anti-rabbit IgG Alexa-555 (ThermoFisher) (1:100 

FITC rat anti-mouse CD11b, 1 hour, room temperature). Antibodies were diluted in PBS, 

0.1% BSA, 0.1% Triton-x-100. Stained sections were mounted using Prolong Gold anti-fade 

mounting media with DAPI (ThermoFisher). Images (20x) were captured using the Zeiss 

Axio Imager followed by analysis using ImageJ software (NIH). Total fluorescence was 

calculated as corrected total fluorescence (CTF) = integrated density – (area selected x mean 

fluorescence of background). Each CTF value was calculated for the total area acquired for a 

20X image.

Flow Cytometry Analysis –

Immune cells were isolated from intestinal lamina propria as outlined previously.22 Cells 

were stained with anti-mouse-CD45, anti-mouse-CD3, anti-mouse CD4, anti-mouse-CD8α, 

anti-mouse-Ly6c, anti-mouse-CD11b, anti-mouse-CD44, anti-mouse-CD49b (DX5), anti-

mouse-IFNγ (BD bioscience), anti-mouse-CD45R/B220 (eBioscience), anti-mouse-TNFα, 

anti-mouse-Ly6G, anti-mouse-CD11c, anti-mouse-F4/80, anti-mouse-CD40, anti-mouse-

CD69 (Biolegend) and live/dead stain (Life Technologies).

Intestinal permeability and macrophage depletion –

Pups were fasted 2 hours and gavaged with 750 mg/kg of fluorescein isothiocyanate (FITC) 

conjugated dextran (10kD, Sigma-Aldrich). After 1 hour, total serum FITC-dextran was 

determined as described previously.23 To deplete macrophages, pups were injected 

intraperitoneally with 30 μL of 5 mg/mL clodronate- or PBS-filled liposomes (Liposoma) on 

P5 and P7, with assessment of depletion 3 days after initial clodronate administration, 

similar to protocols used previously;24,25 alterations in the vascular barriers of pups may 

permit intestinal access to clodronate following IP injection.23,26 However, to confirm the 

impact of IP clondronate injection, intestinal macrophage depletion was assessed on P8 by 

flow cytometry.

Statistical analysis –

Analysis of cytokines as a function of hemoglobin values was accomplished by linear 

regression of log cytokine on hemoglobin, with a random effect added to account for within-

infant correlation. For murine studies, statistical analysis was performed using one-way 

ANOVA with Tukey’s post-test for multiple comparisons or Student’s t-test for comparison 

of two groups. Significance was defined as p < 0.05.
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RESULTS:

To determine whether anemia may contribute to immune dysregulation, we first examined 

serum for potential changes in cytokines with respect to hemoglobin levels in neonates 

during their NICU stay. To accomplish this, hemoglobin values and serial samples for 

cytokine measurements were obtained from 68 prospectively enrolled infants free of NEC or 

sepsis (41 females, 27 males) with a range of birth weights (279 to 1010 grams, mean 734 

grams, median 771 grams) and gestational ages (range 22.3–28.6 weeks, mean 25.8 weeks). 

The average number of samples per infant was 12.1 (median 12, range 2–23), with a total of 

461–826 samples per cytokine. Cytokines analyzed were chosen based on sample 

availability, compatibility on the Meso Scale platform, prior studies suggesting potential 

involvement in the development of NEC and overall capacity to detect inflammation.
15–17,27–32 Among the cytokines analyzed (IFNγ, IL10, IL12p70, IL1β, IP10 and IL18), 

IFNγ, a potent pro-inflammatory cytokine implicated in intestinal inflammation and injury,
27–29 significantly increased with anemia severity (Fig. 1). Thus, increasing severity of 

anemia in preterm infants correlates with pro-inflammatory IFNγ production.

Given the association between anemia and IFNγ in preterm neonates, and the previous data 

suggesting that anemia may be a risk factor for later NEC development,8 we next employed 

a recently established pre-clinical murine model of phlebotomy-induced anemia (PIA),19,20 

which mimics the rate and onset of anemia observed in preterm infants (Fig. 2A,B). As 

alterations in oxygen availability caused by anemia may impact overall intestine function,
33,34 we first assessed whether anemia itself may result in significant alterations in tissue 

oxygenation within the intestine. To accomplish this, we directly examined the level of 

tissue hypoxia between anemic and control pups by injecting both anemic and littermate 

controls with pimonidazole HCl (Hypoxyprobe), a probe routinely used to evaluate tissue 

hypoxia,35–37 on P8. Detection of gut hypoxia using Hypoxyprobe demonstrated that while 

the epithelial lining of the gut exhibited some hypoxia, similar to previous reports,35,37 

anemia induced significant increases in gut hypoxia that extended well beyond the epithelial 

layer and into the lamina propria (LP) (Fig. 2C,D). Taken together, these results suggest that 

anemia induces significant hypoxia within the gut mucosa, which may contribute to 

abnormal intestinal homeostasis and altered immune regulation.

As dysregulation of oxygen gradients has been described in various conditions such as 

inflammatory bowel disease (IBD) and NEC,33,34,38 we next sought to determine whether 

increased tissue hypoxia resulting from PIA might play a primary role in immune regulation 

within the gut in the absence of pre-existing inflammatory dysregulation. To accomplish 

this, we first examined the total cell number of immune populations isolated from the LP of 

either anemic pups or littermate controls on P8. No difference in the total number of 

macrophages, dendritic cells (DCs), CD4+ and CD8+ T cells, NK cells or B cells was 

observed when comparing anemic pups and littermate controls (Fig. 3). These results 

suggest that while PIA induces hypoxia within the intestinal mucosa (Figure 2C,D), PIA 

failed to significantly alter the number of key immune populations.

While anemia did not induce significant changes in cell numbers (Fig. 3), we next sought to 

determine whether the activation state and cytokine expression of immune cells within the 
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intestine is affected by severe anemia. To accomplish this, immune cells isolated from the 

LP were assessed for expression of cell surface activation markers and production of key 

inflammatory cytokines, IFNγ and TNFα, both cytokines previously shown to impact 

intestinal inflammation and barrier function.39–41 As T cells often represent a primary 

source of IFNγ,42 which was increased in serum of anemic premature infants (Fig. 1), we 

first assessed the activation of CD4+ and CD8+ T cells. However, no significant change in 

cytokine levels or cell surface activation markers could be detected in CD4+ or CD8+ T cells 

(Fig. 4A,B). While T cells are present in the LP, innate immune cells often represent the first 

responders to alterations in intestinal hemeostasis.43,44 Consistent with this, previous studies 

implicate intestinal macrophages in the development of NEC.15,45 To examine potential 

changes in intestinal macrophages, resident macrophages were examined for potential 

alterations in cell surface activation and cytokine production. Intestinal resident 

macrophages in anemic mice expressed increased CD40, a marker of pro-inflammatory 

macrophages,46,47 and produced significantly more IFNγ and TNFα when compared to 

controls (Fig. 4C). As NK cells and DCs can also play key roles in innate immune responses 

to alteration in the intestinal mucosa in other settings,43,44 we likewise examined NK cells 

and DCs for potential changes in activation and cytokine secretion following the 

development of anemia. In contrast to significant changes associated with macrophage 

activation in anemic pups, no changes in activation or cytokine secretion were observed in 

either NK cells nor DCs following the development of anemia (Fig. 4D,E). These results are 

consistent with previous results implicating macrophages in NEC pathology48 and strongly 

suggest that gut resident macrophages may play a key role in the development of anemia-

induced increases in intestinal inflammation.

Given the ability of anemia to induce tissue hypoxia in the LP and previous studies 

demonstrating that hypoxia can induce pro-inflammatory signaling in macrophages,49–51 we 

next sought to determine whether gut hypoxia might directly impact macrophage activation 

in anemic mice. To accomplish this, we first assessed whether hypoxia occurs specifically in 

areas where gut macrophages reside. To test this, we evaluated areas of gut hypoxia for gut 

resident macrophages. Anemic pups not only displayed significant increases in gut hypoxia, 

but this hypoxia began to permeate areas where gut resident macrophages reside (Fig. 

5A,B), strongly suggesting that gut resident macrophages may be exposed to local changes 

in oxygen levels that could impact macrophage function. Previous studies suggest that 

exposure of macrophages to hypoxic conditions can induce expression of the transcription 

factor hypoxia-inducible factor (HIF), a key regulator of cellular responses to hypoxic 

conditions.50–54 HIF1α in particular has recently been shown to be responsible for IFNγ 
expression in macrophages following exposure to hypoxic conditions.55 As a result, we next 

defined the impact of neonatal anemia on HIF1α expression in intestinal macrophages. 

Consistent with previous results, HIF1α expression could be observed along the epithelial 

surface in both anemic and control pups, where physiological hypoxia is thought to regulate 

barrier function.33,56,57 In contrast, anemia-induced increases in the intestinal hypoxia 

following PIA resulted in increased and expanded HIF1α expression, which could be 

observed within intestinal macrophages (Fig. 5C,D,E). Taken together, these results suggest 

that not only does neonatal anemia induce intestinal hypoxia, but also that the ensuing 
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intestinal hypoxia impacts resident macrophages by inducing the up-regulation of HIF1α, a 

known factor responsible for inducing macrophage IFNγ production.55

An additional critical component associated with the development of intestinal inflammatory 

conditions is increased gut permeability.58 Consistent with this, inflammation can directly 

impair gut barrier function.41,59 As a result, we next investigated the potential impact of 

neonatal anemia on the expression of epithelial tight junctions, key features of the intestinal 

epithelium responsible for normal barrier function.60–62 To accomplish this, we first 

examined the expression of ZO-1, a critical component of the epithelial tight junction,63,64 

in anemic or control mice. Consistent with the possibility that anemia-induced inflammation 

may impact barrier function, ZO-1 expression was reduced in anemic mice when compared 

to controls (Fig. 6A,B). To determine whether alterations in ZO-1 were functionally relevant 

with respect to barrier function, we next directly assessed barrier permeability in anemic or 

control neonates. When fluorescein isothiocyanate (FITC)-dextran (10kDa) was 

administered by oral gavage to anemic and control mice, followed by quantification in the 

blood 1 hour later,23 there were significantly higher blood levels of FITC-dextran in anemic 

mice, demonstrating increased intestinal barrier permeability following PIA (Fig. 6C). Taken 

together, these data demonstrate decreased integrity of the gut in anemic neonates.

Given the specific impact of anemia on intestinal macrophage activation and cytokine 

secretion, we next sought to more directly define the potential role of macrophages in 

anemia-induced alterations in gut barrier function. To accomplish this, we depleted 

macrophages using clodronate liposomes, a commonly used approach to assess the role of 

macrophages in various processes in vivo,25,65,66 in both anemic and control pups. 

Consistent with previous studies, clodronate-treated recipients displayed significant 

reductions in macrophage numbers (Fig. 6D,E). Equally important, clodronate treatment 

resulted in near normal ZO-1 expression following the development of neonatal anemia 

when compared to recipients that received empty liposomes as a control (Fig. 6F,G). 

Likewise, clodronate treated anemic mice exhibited near normal levels of gut barrier 

function when compared to controls (Fig. 6H). These results suggest that macrophages may 

represent key immunological sentinels that regulate the impact of anemia on intestinal injury 

and barrier function.

Discussion:

Anemia is one of the most common complications of preterm birth, especially in VLBW 

infants.2,3,14 As clinicians have shifted towards restrictive transfusion practices in the past 

decade,5 recent studies have raised concerns regarding the safety of increased tolerance of 

neonatal anemia.5,7–11 For example, retrospective studies and a recent multicenter 

prospective observational cohort study report that anemia is a significant risk factor for the 

development of NEC.8,67 However, the underlying mechanisms whereby anemia may 

increase later NEC development have remained unclear. As a result, in this study we sought 

to examine the impact of anemia itself on immune function and intestinal injury. Our data 

demonstrate that anemia alone appears to alter immune function and intestinal injury, both 

of which have previously been shown to potentially increase the risk for developing of NEC.
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15–17,27–32,58,68 In doing so, these data provide a novel mechanistic link between anemia and 

intestinal alterations that may increase an infant’s susceptibility to developing NEC.

Given prior clinical data suggesting that anemia is associated with a higher risk of NEC,
8,9,12 coupled with previous results implicating alterations in immune function as a priming 

event for later NEC onset,9,11,12,15–18 we sought to define the impact of anemia on neonatal 

immune function. To accomplish this, we examined potential changes in inflammatory 

cytokine secretion with respect to neonatal anemia in premature infants. Among the 

cytokines analyzed, we found significant increases in IFNγ with the development of 

neonatal anemia, indicating that anemia may induce pro-inflammatory cytokine secretion in 

preterm infants. While IFNγ is not the only cytokine associated with the onset of NEC, and 

reports vary regarding the role of this cytokine and others in NEC pathology,18,27,29,69,70 

previous studies have indicated that this cytokine is a key regulator in the early onset of 

intestinal inflammation.41,59 Differences in cytokine changes reported in prior studies may 

in part reflect variations in patient populations coupled with the frequency of sampling; 

some studies utilized a few predetermined time points and may have therefore not been able 

to similarly capture changes associated with anemia.18 Future studies will certainly be 

needed to determine whether similar alterations occur in other patient populations. However, 

as our study sought to determine the role of anemia as a priming event in intestinal 

inflammation in the absence of additional insults, the increased production of IFNγ by 

macrophages, which serve as sentinels and key regulators of innate immune responses in 

intestinal homeostasis, suggests that anemia-induced changes in macrophage function may 

serve as key priming events that create the type of pro-inflammatory environment that may 

sensitize neonates to additional injury or stress. Concurrent with this, our clinical data 

suggest the association of additional pro-inflammatory cytokines with increased anemia. 

However, as our clinical data are correlative in nature, these results certainly do not 

demonstrate that the increased INFγ observed in anemic infants is a direct consequence of 

enhanced intestinal macrophage production.

As anemia often occurs in the association with inflammatory conditions within the intestine, 

where compromises in gastrointestinal tract function can result in bleeding and impaired 

iron absorption, in addition to the well-documented negative impact of inflammatory 

cytokines on erythropoiesis,71 it has been challenging to determine if anemia is a causal risk 

factor or an outcome of intestinal injury, such as NEC, in clinical studies. However, while 

inflammation can certainly cause anemia, our pre-clinical model, where anemia is 

deliberately induced in the absence of any known baseline inflammation, demonstrated that 

anemia can independently promote pro-inflammatory cytokine secretion by macrophages 

within the intestine. These data complement our clinical findings and suggest that while 

inflammation can certainly impact erythropoiesis and therefore contribute to anemia, anemia 

itself may be an independent driver of intestinal inflammation and injury.

While HIF has been previously shown to regulate inflammation within the intestine,33,55 

early studies actually suggested that induction of HIF1α results in up-regulation of 

protective pathways along the intestinal mucosa, often manifested by increased expression 

of tight junction proteins and enhanced intestinal barrier function.33,57 Indeed, physiological 

levels of hypoxia are critical to maintain gut homeostasis and barrier function. As such, 
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hypoxia and HIF signaling are important for intestinal barrier regulation during both 

homeostasis and active inflammation.56 Consistent with this, physiological levels of both 

hypoxia and HIF expression are routinely observed along the intestinal epithelial barrier.
33,56,57 However, while alterations in the magnitude and extent of physiological hypoxia 

within the intestinal wall may initially facilitate the ability of HIF1α to enhance barrier 

function in epithelial cells, our results demonstrate that anemia clearly drives marked, non-

physiologic hypoxia beyond the intestinal epithelium and into the LP, where resident 

immune cells, such as macrophages, reside. These anemia-induced changes in the oxygen 

gradient increased HIF1α expression not only in intestinal epithelium, but also in 

macrophages, resulting in significant increases in pro-inflammatory cytokine expression in 

these cells. As pro-inflammatory cytokines, such as IFNγ and TNFα, can significantly 

impair gut barrier function and also attenuate the protective impact of HIF activity in 

epithelial cells,39–41,72 increased HIF1α in macrophages with accompanying pro-

inflammatory cytokine secretion likely compromises gut barrier function. Consistent with 

this, recent results demonstrate that hypoxia not only enhances HIF1α expression in 

macrophages, but that HIF1α is required for macrophage pro-inflammatory cytokine 

secretion.55,73 Moreover, the ability of clodronate to not only deplete intestinal 

macrophages, but also reverse anemia-induced intestinal injury, suggest that in this model 

macrophages may serve as a key population responsible for detecting and subsequently 

responding to anemic insults; prolonged pro-inflammatory programming in macrophages 

may therefore tip the balance between tolerance and inflammation in additional immune 

populations within the gut upon secondary stress events. In this manner, macrophage 

cytokine secretion likely outweighs the potentially beneficial increase in epithelial HIF1α 
expression, leading to an overall decrease in tight junction protein expression and increased 

barrier permeability, both key factors that can predispose neonates to NEC.58

Given prior epidemiologic data demonstrating an increased risk of NEC in anemic neonates 

and our present findings implicating anemia as a causal factor in intestinal inflammation, 

severe anemia may increase the risk of intestinal injury that may predispose VLBW infants 

to subsequent development of NEC. As anemia is also associated with chronic inflammatory 

conditions within the intestines, such as IBD and graft versus host disease,33,38 the use of 

lower hemoglobin thresholds in these populations may likewise unintentionally contribute to 

intestinal inflammation and injury. Thus, while anemia in various clinical settings may 

reflect a variety of factors that directly contribute to blood loss and impaired erythropoiesis,
71 anemia itself may provide a positive feedback loop of pro-inflammatory macrophage 

activation and subsequent intestinal injury that could exacerbate these underlying conditions. 

Clearly, whether the macrophage response to anemia observed in the present study is 

developmentally regulated and/or whether anemia drives similar inflammatory programs in 

other disease states remains to be tested. However, while these studies are clearly outside the 

scope of the present study, given the present findings, future studies may benefit from 

considering these possibilities.

There are clearly limitations with the current study that should be considered. For example, 

it would have been experimentally optimal to study intestinal macrophage function in 

VLBW infants in parallel with serum cytokine analysis. However, as many gut resident 

immune cells, including macrophages, do not circulate, sampling preterm infants for gut 
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resident macrophage number and function, in addition to direct evaluation of intestine 

barrier activity during the development of anemia is not currently feasible. As a result, we 

decided to complement this study with a previously validated pre-clinical model of PIA to 

directly evaluate the impact of anemia on intestine immunity and barrier function.19,20 

However, even in this model, significant barriers exist, as the size and overall cellular 

availability of individual mouse pups limit the scope of analysis that can be accomplished in 

this setting. Indeed, sample volume limitations in both clinical and animal studies of 

neonatal immune function have likely contributed to challenges associated with conducting 

studies that produce a level of understanding in neonates comparable to that obtained from 

similarly conducted studies in adult mice and patients clinically. Importantly, the rate of 

anemia employed in this study was designed to match the rate observed in many patients and 

does not induce detectable changes in heart rate or the development of acidosis that would 

be expected to occur in the setting of significant hemodynamic alterations/shock.19,20 While 

nearly all pups reached our threshold of severe anemia (25% Hct) on P7, followed by 

analysis of the potential impact of anemia the following day, future studies will be necessary 

to examine the effects of extended anemia exposure and threshold variations. Furthermore, it 

is not clear whether the lack of ability of anemia to induce NEC in this model accurately 

reflects what actually occurs clinically. However, as most VLBW anemic neonates do not 

develop NEC, these results appear to at least be consistent with what we have observed 

clinically and suggest that while anemia alone may not drive NEC, it may reflect a key 

predisposing factor, consistent with our recent results. Hence, other predisposing factors 

(e.g. genetic) and secondary insults (formula feeding, dysbiosis) may be necessary for NEC 

to develop in the setting of significant anemia.

In summary, as NEC is likely multifactorial, our data suggests that anemia may be a key 

factor that primes the neonatal intestine to a variety of potential secondary insults, such as 

dysbiosis, infection, immature immune development and other genetic factors that remain to 

be determined. While anemia appears to increase the risk of NEC in various prospective 

studies, as current NEC models employing external factors, such as cold-stress, hypoxic gas, 

vascular ligation, bacterial administration, or transfusion, to induce gut injury that can result 

in histologic injury are controversial,74 we elected instead to define the potential impact of 

anemia on the early events that may adversely affect intestinal function and therefore 

predispose an infant to NEC.68 However, not all VLBW infants that develop severe anemia 

develop NEC. As a result, while anemia may be a risk factor the development of NEC, the 

presence or absence of secondary insults, as well the other genetic and environmental 

factors, such as baseline variability in severity of and responses to anemia, may in part, 

dictate whether NEC develops in this setting. Thus, while anemia may be an important 

factor, future studies will be needed to further characterize its effect upon challenge with 

secondary insults. For example, as our study exclusively focused on the impact of anemia on 

neonatal immune function and intestinal injury, we did not define the impact of RBC 

transfusion in this setting. As our recent study demonstrated that anemia alone correlated 

with NEC irrespective of RBC transfusion,8 these results guided the focus of the current 

study. However, given the present findings and recent studies suggesting that transfusion 

may also impact neonatal immune function,75 future studies will be needed to decipher 
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appropriate hemoglobin thresholds and optimal transfusion protocols to reduce or prevent 

anemia-induced intestinal inflammation and injury.
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Figure 1. Hemoglobin negatively correlates with serum cytokine levels in preterm infants.
(A-F) Regression analysis was performed between hemoglobin level and IFNγ (A), IL-10 

(B), IL-12p70 (C), IL-18 (D), IL-1β (E) or IP-10 (F). Hemoglobin showed significant 

negative correlation with IFNγ (P < 0.0001).
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Figure 2. Phlebotomy induced anemia (PIA) results in increased hypoxia within the intestinal 
mucosa.
(A) Schematic of protocol for induction of PIA. (B) Percent hematocrit of neonates with 

(blue) or without (black) phlebotomy on days 3–8 after birth (P3-P8) as indicated. Red line 

indicates threshold for anemia (25%). (C) Fluorescence microscopy imaging of intestines 

isolated from control or anemic pups at P8, following administration of Hypoxyprobe 

(Pimonidazole HCl), which forms adducts in hypoxic tissue. Frozen tissue was stained for 

tissue hypoxia (pimonidazole) (red) and nuclei (DAPI) (blue). White boxes indicate enlarged 

regions shown to the right of each 20x field. (D) Quantification of fluorescent hypoxia in 

2C. CTF = corrected total fluorescence. Data are presented as mean ± SEM, ****P < 

0.0001.
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Figure 3. Anemia does not significantly alter immune population numbers in the small intestine.
(A) Gating strategy for identification of key leukocyte populations as indicated. (B-I) Total 

cell counts per small intestine for macrophages (B), dendritic cells (DCs) (C), natural killer 

(NK) cells (D), neutrophils (E), B cells (F), CD3+ T cells (G), CD4+ T cells (H) and CD8+ 

T cells (I). Data are presented as mean ± SEM, ns = non significant.
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Figure 4. Anemia increases gut macrophage activation and pro-inflammatory cytokine 
production within the intestinal mucosa.
(A-B) Quantification of percent CD44+, IFNγ+, TNFα+ and IFNγ/TNFα double positive, 

CD4+ (A) or CD8+ (B) T cells isolated from the lamina propria of control or anemic pups. 

(C-D) Quantification of percent CD40+, IFNγ+, TNFα+ and IFNγ/TNFα double positive 

macrophages (C) or dendritic cells (DCs) (D) isolated from the lamina propria of control or 

anemic pups. (E) Quantification of percent CD69+, IFNγ+, TNFα+ and IFNγ/TNFα double 

positive natural killer (NK) cells isolated from the lamina propria of control or anemic pups. 

Data are presented as mean ± SEM, *P < .05.
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Figure 5. Intestinal macrophages exposed to hypoxia in anemic pups express HIF1α.
(A) Fluorescence microscopy imaging of intestines isolated from control or anemic pups at 

P8, following administration of Hypoxyprobe (Pimonidazole HCl) 1 hour prior to sacrifice 

and collection of intestinal tissue followed by staining of frozen sections for macrophages 

(CD11b) (green), hypoxia (pimonidazole) (red) and nuclei (DAPI) (blue). White boxes 

indicate enlarged regions directly below each corresponding 20x image. (B) Quantification 

of hypoxia staining in 5A. (C) Fluorescence microscopy imaging of intestines isolated from 

control or anemic pups at P8, followed by staining for macrophages (CD11b) (green), 
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HIF1α (magenta) and nuclei (DAPI) (blue). White boxes indicate enlarged regions directly 

below each corresponding 20x image (D-E) Quantification of total HIF1α staining in 5C 

(D) and macrophage specific HIF1α staining in 5C (E). CTF = corrected total fluorescence. 

Data are presented as mean ± SEM, ***P < .001 ****P < .0001.
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Figure 6. Anemia induces a decrease in epithelial barrier function through macrophages.
(A) Fluorescence microscopy imaging of intestines isolated from control or anemic pups at 

P8, followed by staining for ZO-1 (red) and nuclei (DAPI) (blue). (B) Quantification of 

ZO-1 staining in 6A. (C) Quantification of FITC-Dextran detectable in serum following oral 

gavage into control or anemic neonates. (D) Representative flow dot plots showing number 

of CD11b+ macrophages following treatment with PBS control liposomes or clodronate 

liposomes. (E) Quantification of CD11b+ macrophages isolated from neonatal intestines 

following treatment with PBS control liposomes or clodronate liposomes as indicated. (F) 
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Fluorescence microscopy imaging of intestines isolated from control or anemic pups at P8 

with or without clodronate treatment as indicated. (G) Quantification of ZO-1 staining in 6F. 

(H) Quantification of FITC-Dextran detectable in serum following oral gavage into control 

or anemic neonates with or without clodronate treatment as indicated. CTF = corrected total 

fluorescence. Data are presented as mean ± SEM, ns = non significant, *P < .05, **P < .01, 

***P < .001, ****P < .0001.
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