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Abstract

Newborn infants are highly susceptible to infection. This defect in host defence has generally been

ascribed to the immaturity of neonatal immune cells; however, the degree of hyporesponsiveness

is highly variable and depends on the stimulation conditions1–7. These discordant responses

illustrate the need for a more unified explanation for why immunity is compromised in neonates.

Here we show that physiologically enriched CD71+ erythroid cells in neonatal mice and human

cord blood have distinctive immunosuppressive properties. The production of innate immune

protective cytokines by adult cells is diminished after transfer to neonatal mice or after co-culture

with neonatal splenocytes. Neonatal CD71+ cells express the enzyme arginase-2, and arginase

activity is essential for the immunosuppressive properties of these cells because molecular

inhibition of this enzyme or supplementation with L-arginine overrides immunosuppression. In

addition, the ablation of CD71+ cells in neonatal mice, or the decline in number of these cells as

postnatal development progresses parallels the loss of suppression, and restored resistance to the

perinatal pathogens Listeria monocytogenes and Escherichia coli8,9. However, CD71+ cell-

mediated susceptibility to infection is counterbalanced by CD71+ cell-mediated protection against

aberrant immune cell activation in the intestine, where colonization with commensal

microorganisms occurs swiftly after parturition10,11.Conversely, circumventing such colonization

by using antimicrobials or gnotobiotic germ-free mice overrides these protective benefits. Thus,

CD71+ cells quench the excessive inflammation induced by abrupt colonization with commensal

microorganisms after parturition. This finding challenges the idea that the susceptibility of

neonates to infection reflects immune-cell-intrinsic defects and instead highlights processes that

are developmentally more essential and inadvertently mitigate innate immune protection. We

anticipate that these results will spark renewed investigation into the need for immunosuppression
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in neonates, as well as improved strategies for augmenting host defence in this vulnerable

population.

Neonates are highly susceptible to disseminated infections, which are often fatal. Numerous

distinctions have been described between neonatal and adult responses to infection,

including blunted inflammatory cytokine production, skewed T-helper-cell differentiation

and fewer protective immune cells; however, the degree of neonatal immune cell

hyporesponsiveness varies markedly with the stimulation conditions1–7. Thus, given that

neonatal cells have the potential for activation, a more unified explanation is needed for why

neonates remain susceptible to infection. We found that the susceptibility of human neonates

to infection with the bacterium L. monocytogenes is recapitulated in neonatal mice8,12 (Fig.

1a).Given the delayed immunological development in mice at birth7,13, 6-day-old mice were

used as neonates, and their responses were compared with 8-week-old (adult)mice. In

addition to diminished survival, over 1,000-fold more L. monocytogenes bacteria were

recovered from neonatal mice than from adult mice, and this lack of susceptibility in adults

was maintained after adjusting the bacterial inoculation dose proportionally to increased

bodyweight (Fig. 1b). Accordingly, neonatal mice, like newborn humans, are intrinsically

susceptible to disseminated infection.

To investigate the cellular basis of neonatal susceptibility, the effect of adoptively

transferring immune cells from adult mice was evaluated (Fig. 1c and Extended Data Fig.

1a). We reasoned that if neonatal susceptibility reflects an inadequate number or a

hyporesponsiveness of immune cells, then transferred adult cells would restore protection.

However, neonates containing adult splenocytes remained equally susceptible to L.
monocytogenes infection (Fig. 1d). Given these somewhat surprising results, the activation

of adult cells within neonates was investigated. Because differences in susceptibility

between neonatal and adult mice become apparent within 48 h of infection (Fig. 1b), we

focused on essential innate immune protective cytokines such as tumour-necrosis factor-α
(TNF-α)14–16. Remarkably, when adult splenocytes containing CD11b+ granulocyte/

macrophage cells, CD11c+ dendritic cells or B220+ lymphocytes were transferred to

neonatal mice, their TNF-α production induced by L. monocytogenes infection was

extinguished to levels comparable to that of endogenous neonatal cells (Fig. 1e and

Extended Data Fig. 1b). Conversely, TNF-α production by neonatal cells was restored after

transfer to L. monocytogenes-infected adult mice (Extended Data Fig. 1c). These findings

suggest that neonatal infection susceptibility might not simply reflect immune-cell-intrinsic

defects but instead active suppression within the neonatal environment.

To assess the potential immunosuppressive properties of neonatal cells, the activation and

cytokine production of adult immune cells co-cultured with neonatal splenocytes were

evaluated. Consistent with the diminished responsiveness of neonatal cells to purified

microbial ligands1,3,5,6, these cells produced considerably less TNF-α and interleukin-6

(IL-6) after stimulation with heat-killed L. monocytogenes than did adult mouse splenocytes

(Fig. 1f). Similar defects were found for human cord blood cells compared with adult

peripheral blood mononuclear cells (Extended Data Fig. 2). Interestingly, combining

neonatal and adult splenocytes caused a precipitous decline in cytokine production

compared with cultures containing only adult cells (Fig. 1f). Varying the number of neonatal

splenocytes in the presence of a fixed quantity of adult cells identified by expression of the

congenic marker CD45.1 showed that TNF-α production by adult CD11b+, CD11c+ or

B220+ cells was restricted in a dose-dependent manner (Fig. 2a and Extended Data Fig. 3a).

Immunosuppression also extended to T cells because neonatal splenocytes impeded the

upregulation of early activation markers (such as CD69 and CD25) among adult CD8+ cells

after anti-CD3 antibody stimulation (Fig. 2a and Extended Data Fig. 3b). Thus, neonatal
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splenocytes have suppressive properties that recapitulate the blunted activation of adult

immune cells within infected neonates.

To establish the molecular basis by which neonatal cells mediate suppression, the effect of

inhibitors or neutralizing antibodies on immunomodulatory pathways was evaluated in co-

culture. We found that overriding the enzymatic activity of arginase by addition of the

inhibitors BEC, ABH, nor-NOHA or L-NOHA, or by supplementation with L-arginine,

restored the activation of adult responder cells co-cultured with neonatal splenocytes (Fig.

2b and Extended Data Fig. 4).By contrast, the inhibition of other immunomodulatory

molecules, including indoleamine 2,3-dioxygenase (IDO), transforming growth factor-β
(TGF-β), IL-10 or reactive oxygen species, had no significant effect (Extended Data Fig. 4).

Importantly, arginase inhibition did not influence TNF-α production by cultures containing

only adult cells, illustrating that restored cytokine production was the result of reversing the

suppression by neonatal cells. Thus, neonatal splenocytes control immune cell activation

through arginine depletion, similarly to the suppressor cells that are associated with tumour

progression or persistent infection17,18.

We next sought to define the neonatal splenocyte subset that is responsible for suppression.

In contrast to adult mouse splenocytes, ~95% of which express immune lineage markers

(CD4, CD8, CD11b, CD11c, B220 and NK1.1), this combination of markers was found on

<35% of neonatal splenocytes (Fig. 2c). Nearly all of the remaining neonatal splenocytes co-

expressed the transferrin receptor (CD71) and the erythroid-lineage-defining molecule

TER119 (also known as Ly-76)19,20. Similarly, human cord blood cells contain an equally

enriched proportion of CD71+ cells that co-express the human erythroid marker CD235A,

which is in contrast to adult peripheral blood mononuclear cells (Fig. 2c and Extended Data

Fig. 5a).To establish which subset confers suppression, neonatal splenocytes were

fractionated using anti-CD71 antibody or a cocktail of anti-immune-lineage antibodies, and

the suppressive properties of each cell population were evaluated in co-culture with adult

responder splenocytes. The depletion of CD71+ cells eliminated the suppression. By

contrast, the depletion of immune lineage cells not only retained but also exaggerated the

suppression by the remaining CD71+ cells (Fig. 2d). Moreover, the depletion of CD71+ cells

in mouse splenocyte or human cord blood cell populations unleashed more robust cytokine

production by the remaining immune lineage cells, indicating that CD71+ cells also impair

neonatal immune cell activation (Fig. 2e, f and Extended Data Figs 5b and 6). Likewise, L.
monocytogenes infection resulted in greater activation of the immune cells recovered from

neonatal mouse lymph nodes, where CD71+ cells are naturally present only in small

numbers (Extended Data Fig. 7). Thus, enriched CD71+ erythroid cells in neonates suppress

systemic immune cell activation.

CD71+ cell ablation was used to further establish the relationship between suppression by

these cells and neonatal susceptibility to infection. Although only ~60% depletion could be

achieved, significant reductions in the number of recoverable L. monocytogenes bacteria

were found after anti-CD71 antibody treatment compared with isotype antibody treatment

(Fig. 3a). The protective benefits of CD71+ cell depletion in neonates similarly extended to

E. coli infection (Extended Data Fig. 8). Likewise, the physiological contraction of the

CD71+ cell population as postnatal development progressed paralleled the gradual

restoration of protection against infection to adult levels. At 6 and 9 days after parturition,

mice had equally high CD71+ cell numbers and comparable numbers of recoverable bacteria

after infection. By contrast, 15-day-old mice had ~60% fewer CD71+ cells and a 100-fold

lower pathogen burden. In 21-day-old mice, CD71+ cell numbers had declined to levels

comparable to those of adult mice, and pathogen burden was undetectable (Fig. 3b, c). The

progressive reduction in susceptibility to infection with the decline in CD71+ cell numbers

(as postnatal development progressed) also paralleled the loss of immunosuppressive
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properties among unfractionated splenocytes (Fig. 3d). Thus, enriched CD71+ cells dictate

neonatal infection susceptibility, because protection is restored by antibody-mediated

depletion of these cells or by their natural disappearance during postnatal development.

To determine whether suppression by CD71+ cells extends beyond the neonatal period,

infection susceptibility after phlebotomy-induced anaemia, with ensuing erythroid cell

population expansion, was evaluated in adult mice. Although anaemia efficiently induced

CD71+TER119+ cell accumulation, with subsets comparable to those of neonatal

splenocytes21, there were no significant shifts in infection susceptibility (Extended Data Fig.

9), and purified adult CD71+ cells showed no immunosuppressive properties in co-culture

assays (Fig. 3e). The lack of suppression by adult CD71+ cells paralleled the markedly lower

arginase-2 expression in these cells than in neonatal CD71+ cells (Fig. 3f) and the necessity

for arginase enzymatic activity for suppression by neonatal splenocytes (Fig. 2b). Thus,

suppression by CD71+ cells is likely to be restricted to the population that is naturally

enriched in neonates. These findings are consistent with the lack of susceptibility to

infection among individuals with ailments that accelerate erythropoiesis (for example,

thalassaemia and spherocytosis) after the neonatal period, as well as the immunomodulatory

properties of other erythroid cell subsets and the remarkable diversity in gene expression

among neonatal erythroid precursor cells compared with adult erythroid precursor cells22–28.

Although these results establish that CD71+ cells impair neonatal host defence against

infection, they also raise exciting new questions about why suppressive cells are temporally

enriched in neonates. One possibility is to avert the excessive inflammation that might

otherwise occur with the abrupt transition from a sterile in utero setting to colonization with

commensal microbes in the external environment29. This idea is supported by the finding

that intestinal immune cells in neonatal mice are selectively activated by anti-CD71

antibody but not by isotype control antibody, as well as by the rapid, intensifying

colonization of the intestine with commensal microbes in the first week after birth10,11 (Fig.

4a–c). In particular, intestinal CD11b+ and CD11c+ cells from CD71+ cell-depleted neonatal

mice produce significantly more TNF-α and upregulate expression of the co-stimulatory

molecules CD40, CD80 and CD86 more than analogous cells from neonatal mice treated

with isotype control antibody (Fig. 4a, b and Extended Data Fig. 10a). By contrast, after

CD71+ cell depletion, these activation parameters did not change in cell populations from

the spleen or lung, which remain sterile or become colonized with considerably fewer

commensal bacteria than the intestine (Fig. 4b, c and Extended Data Fig. 10a).

Antimicrobials were used to further investigate the relationship between commensal bacteria

and CD71+ cell-mediated protection against aberrant intestinal immune cell activation. We

found that a defined antibiotic cocktail that eradicated intestinal bacteria when administered

to the drinking water of pregnant mice also prevented colonization in neonates30 (Fig. 4c).

Eliminating commensal bacteria, in turn, abolished the increase in TNF-α production and

co-stimulatory molecule expression induced by CD71+ cell depletion (Fig. 4d and Extended

Data Fig. 10b). To more definitively establish the necessity for commensal microbes in

promoting intestinal inflammation, cell activation induced by CD71+ cell depletion was

further addressed using germ-free mice. Although CD71+ cells were equally enriched in

gnotobiotic neonatal mice and conventional neonatal mice, their depletion from gnotobiotic

germ-free mice did not induce significant changes in intestinal immune cell activation,

similarly to antibiotic treatment (Fig. 4e, f and Extended Data Fig. 10c). Thus, neonatal

CD71+ erythroid cells protect against excessive inflammation triggered by commensal

microbes, whereas their elimination (by using antimicrobials or under germ-free conditions)

alleviates these protective benefits.
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Taken together, our results demonstrate that neonatal infection susceptibility results from the

temporal presence of enriched immunosuppressive CD71+ cells and is an unfortunate by-

product of the greater benefits of active suppression during this crucial developmental

period, when tolerance to commensal microbes is more uniformly advantageous. We

anticipate that these findings will spur renewed investigation of why neonatal protection

against infection is compromised, as well as the study of therapeutic approaches aimed at

dissociating the beneficial and harmful effects of CD71+ cells for augmenting host defence

in this vulnerable population.

METHODS

Mice

C57BL/6 (CD45.2+CD45.1−) and congenic CD45.1+CD45.2− mice were purchased from the

National Cancer Institute and checked twice daily for pregnancy and birth timing. For

infection and immune cell analysis, male and female male mice were used in all age groups

tested. For phlebotomy, mice were bled (300–350 µl, with intraperitoneal saline

replacement) for 3 consecutive days and analysed for 3 days thereafter. For eradication of

intestinal bacteria, autoclaved drinking water was supplemented with 0.5 mg ml−1

ampicillin, 0.5 mg ml−1 gentamicin, 0.5 mg ml−1 metronidazole, 0.5 mg ml−1 neomycin and

0.25 mg ml−1 vancomycin beginning on embryonic day (E) 14.5, and this was maintained

throughout parturition and nursing. Gnotobiotic germ-free C57BL/6 mice were maintained

by the University of Michigan Unit for Laboratory Animals. All experiments were

performed in accordance with Cincinnati Children’s Hospital Medical Center and University

of Michigan Institutional Animal Care and Use Committee approved protocols.

Infection and enumerating bacterial recovery

L. monocytogenes (strain 10403S) or E. coli (strain UTI89) was grown in brain heart

infusion (BHI) medium at 37 °C, back diluted to early logarithmic phase (an optical density

at 600 nm (OD600) of 0.1) and resuspended in sterile saline. Mice were inoculated

intraperitoneally with a dose of 2×102 or 1×103 CFU per mouse. The inoculum for each

experiment was verified by spreading a diluted aliquot onto agar plates. To assess

susceptibility after infection, mouse organs (spleen, liver, lung and intestine) were dissected

and homogenized in sterile saline containing 0.05% Triton X-100 to disperse the

intracellular bacteria, and serial dilutions of the organ homogenate were spread onto agar

plates. Colonies were counted after plate incubation at 37 °C. To evaluate anaerobic growth,

organ homogenates were plated onto pre-reduced media (Anaerobe Systems) and incubated

for 72 h at 37 °C using a Whitley A35 anaerobic workstation (Don Whitley Scientific).

Antibodies and flow cytometry

Fluorophore- or biotin-conjugated antibodies specific for mouse cell surface antigens and

cytokines were purchased from eBioscience or BD Biosciences. The following antibodies

were used: anti-B220 (RA3-6B2), anti-CD4 (GK1.5), anti-CD8a (53-6.7), anti-CD11b

(M1/70), anti-CD11c (N418), anti-CD25 (PC61.5), anti-CD69 (H1.2F3), anti-CD45.1

(A20), anti-CD45.2 (104), anti-CD71 (R17217 and C2F2), anti-NK1.1 (PK136), anti-CD40

(1C10), anti-CD80 (16-10A1), anti-CD86 (GL1), anti-TER119 (TER-119), anti-IFN-γ
(XMG1.2), anti-TNF-α (MP6-XT22), anti-arginase-1 (ARG1-CFS, R&D Systems) and anti-

arginase-2 (ab81505, Abcam). For human studies, the following fluorophore- or biotin-

conjugated antibodies specific for cell surface markers or cytokines were used: anti-CD3

(UCHT), anti-CD8 (PRA-T8), anti-CD69 (FN50), anti-CD11b (ICRF44), anti-IL-6

(MQ2-13A5), anti-TNF-α (MAB11), anti-CD71 (OKT9) and anti-CD235A. For in vivo
depletion, 150 µg purified anti-CD71 (8D3, AbD Serotec) and rat IgG2a isotype control
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antibody were administered intraperitoneally 5 and 6 days after birth, corresponding to 1 day

before infection and the day of infection.

Cell transfer and purification

Splenocytes were collected, and single-cell suspensions were made by grinding between

sterile frosted glass slides and filtering through nylon mesh. For adoptive transfer, 5×107

splenocytes from congenic donor mice were injected intraperitoneally into recipient mice 1

day before infection. CD71+ or immune lineage (CD4+CD8+CD11b+CD11c+B220+NK1.1+)

cells were purified from neonatal splenocytes by negative selection using biotin-conjugated

antibodies and streptavidin-linked magnetic beads (Miltenyi Biotec). For cell isolation from

the intestine, the tissue was cut into small pieces in ice-cold Hank’s balanced salt solution

containing 5 mM EDTA and 1 mM dithiothreitol (DTT) and incubated at 37 °C for 40 min

with gentle agitation (220 r.p.m.). The tissue was further minced and digested in medium

supplemented with 10% FBS, 500 µg ml−1 collagenase D, 500 µg ml−1 DNase and 500 µg

ml−1 dispase and incubated at 37 °C for 60 min with continued gentle agitation. Thereafter,

the organ homogenate was strained (100 µm filter) and separated through a Percoll gradient

with centrifugation at 800g for 20 min. For cell isolation from the lung, the tissue was cut

into small pieces and incubated inmediumsupplemented with 10% FBS, 5 mM EDTA, 1

mM DTT, 500 µg ml−1 DNase I and 500 µg ml−1 collagenase D for 60 min with gentle

agitation (220 r.p.m.). Thereafter, the cell suspension was strained and pelleted by

centrifugation at 450g for 10 min. Immune cells in each sample were identified by staining

for the leukocyte common antigens CD45.1 or CD45.2.

Co-culture and stimulation

For ex vivo cytokine production, splenocytes were collected 48 h after infection and cultured

at 1×106 cells ml−1 in DMEM supplemented with 10% FBS and 10 µg ml−1 brefeldin A for

5 h. For co-culture, a fixed number of responder splenocytes (5×105) from CD45.1+ adult

mice were seeded into 96-well round bottom plates individually or together with CD45.2+

neonatal splenocytes at defined ratios and then stimulated for 5 h with 5×106 heat-killed L.
monocytogenes per ml, 0.125 µg ml−1 anti-mouse CD3 antibody (clone 1ζ3A1) or 0.125 µg

ml−1 anti-human CD3 antibody (clone UCHT1). Heat-killed L. monocytogenes was prepared

by growing L. monocytogenes 10403S in BHI medium to early logarithmic phase, washing

and resuspending the bacteria in sterile saline, and then incubating them at 70 °C for 30 min

before storing at −20 °C until use. Each batch was verified as sterile by plating onto BHI

agar plates. For intracellular cytokine staining, the medium was supplemented with brefeldin

A during stimulation and co-culture. For comparing cytokine production and cell activation

between experiments, individual samples were normalized by plotting the percentage

maximal response compared with adult cells stimulated without neonatal cells in each

experiment. For cytokine production in culture supernatants, 1×106 cells ml−1 adult

splenocytes or 1×106 cells ml−1 neonatal splenocytes were stimulated, separately or

together, with 5×106 ml−1 heat-killed L. monocytogenes for 72 h, and then the

concentrations of TNF-α and IL-6 were measured by enzyme-linked immunosorbent assay

(ELISA) (R&D Systems). In some experiments, neonatal cells were treated 30 min before

and during co-culture with the following: the arginase inhibitors S-(2-boronoethyl)-L-

cysteine (BEC), amino-2-borono-6-hexanoic acid (ABH), N-hydroxy-nor-arginine (nor-

NOHA) and N-hydroxy-L-arginine (L-NOHA) (each used at 10, 30 and 90 µM) or 1–4 mM L-

arginine; 10–100 µM apocynin (4′-hydroxy-3′-methoxyacetophenone) to inhibit NADPH

oxidase; 100–200 µM sodium diethyldithiocarbamate trihydrate to inhibit superoxide

dismutase; 50–500 µM4-aminobenzoic acid hydrazide to inhibit myeloperoxidase; 2–100

µM SB-431542 hydrate to inhibit the TGF-β receptor; 1–100 µM Sn(IV) protoporphyrin IX

dichloride to inhibit haem oxidation; 100–1,000 µM1-methyl-L-tryptophan or 1-methyl-D-
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tryptophan to inhibit IDO; 1–50 µg ml−1 anti-IL-10 receptor antibody (clone 1B1); 1–50 µg

ml−1 anti-TGF-β antibody (clone 1D11); or 10–100 µM N-acetylcysteine.

Human sample collection and processing

Peripheral blood was collected from de-identified healthy adult volunteers, and cord blood

was collected from term deliveries, under Cincinnati Children’s Hospital Medical Center

Institutional review board (IRB) approved protocols. Mononuclear cells were freshly

isolated over Ficoll-Hypaque gradients. For CD71+ cell depletion or mock depletion, cord

blood samples were stained using biotin-conjugated anti-CD71 or isotype control antibody

and fractionated using streptavidin-linked magnetic beads. For enumerating activation,

peripheral or cord blood mononuclear cells were seeded into 96-well round bottom plates

(1×106 cells per well) in medium supplemented with 10% FBS and stimulated for 5 h with

5×106 ml−1 heat-killed L. monocytogenes or 0.125 µg ml−1 anti-CD3 antibody.

Statistical analysis

A sample size of ten per group was planned for each experiment, providing 90% power to

detect a 50% difference in response. Depending on the initial results, the sample size in

subsequent experiments was adjusted accordingly. Within all figures, each data point

reflects results from a single mouse or individual human sample plated in triplicate wells.

Neonatal mice in litters were randomized to receive either anti-CD71 or isotype control

antibody. For at least one replicate experiment, the investigator was blinded to the treatment

of individual groups of neonates. Differences in survival between adult and neonatal mice

after infection were compared using the Mantel–Cox log-rank test. The distribution of log10

CFU and the cytokine and cell activation levels were first determined to be normally

distributed. Thereafter, differences between separate groups or related groups were analysed

using an unpaired or paired Student’s t-test, respectively, with P<0.05 taken as statistical

significance.
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Figure 1. Infection susceptibility of neonatal mice and immunosuppressive properties of neonatal
cells
a, Survival of 6-day-old (neonatal) and 8-week-old (adult) mice after L. monocytogenes
(Lm) infection (200 colony-forming units (CFU)). b,Number of recoverable bacteria 48 h

after infection with various doses of L. monocytogenes. c, Flow cytometric analysis showing

the retained donor CD45.1+ cells from adult mice in the splenocyte population of neonatal

mice. Numbers indicate the percentage of cells in the adjacent boxed areas. d, Number of

recoverable bacteria after L. monocytogenes infection (200 CFU) of neonatal mice

containing donor adult splenocytes. e, Representative flow cytometry plots (left) and

cumulative composite data (right) for the percentage of endogenous CD11b+ adult and
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neonatal cells, and CD11b+ donor adult cells within neonates, that produce TNF-α ex vivo
48 hours after L. monocytogenes infection. f, Cytokine production by neonatal or adult

mouse splenocytes after stimulation (stim) with heat-killed (HK) L. monocytogenes
individually or in co-culture for 72 h as measured by enzyme-linked immunosorbent assay

(ELISA). Each point represents data from an individual mouse, and the data are

representative of three independent experiments. Error bars, mean±s.e.m. IFN-γ, interferon-

γ.
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Figure 2. Arginase inhibition overrides immunosuppression by neonatal splenocytes containing
enriched CD71+ erythroid cells
a, Representative flow cytometry plots (top) and cumulative composite data (bottom)

showing TNF-α production by adult CD11b+ cells co-cultured with neonatal splenocytes in

the indicated ratios and stimulated (stim) with heat-killed (HK) L. monocytogenes (Lm)

(bottom left), as well as CD69 expression among adult CD8+ cells co-cultured with neonatal

splenocytes in the indicated ratios and stimulated with anti-CD3 antibody (bottom right). b,

Normalized (percentage maximum, % max) TNF-α production by CD11b+ adult cells

cultured alone (black) or co-cultured with neonatal splenocytes at a 1:1 ratio (blue), or

additional supplementation (red) with the arginase inhibitors BEC or ABH, or L-arginine. c,
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Flow cytometric analysis showing the proportion of immune lineage

(CD4+CD8+CD11b+CD11c+B220+NK1.1+) cells or CD71+TER119+ erythroid lineage cells

in neonatal mouse splenocyte populations compared with adult mouse splenocyte

populations, or the proportion of CD71+CD235A+ cells in human cord blood cell

populations compared with adult peripheral blood mononuclear cell (PBMC) populations. d,

TNF-α production by adult CD11b+ cells co-cultured with immune-lineage-cell-depleted or

CD71+ cell-depleted neonatal splenocytes (left), and representative flow cytometry plots

illustrating the efficiency of cell depletion (right). e, TNF-α production by unfractionated or

CD71+ cell-depleted neonatal CD11b+ cells. f, TNF-α production by unfractionated or

CD71+ cell-depleted CD11b+ human cord blood cells. The fold increase in TNF-α
production by the CD71+ cell-depleted cell populations compared with the unfractionated

controls is shown within the graph. These results are representative of three independent

experiments for mice and ten individual cord blood (CB) samples. Error bars, mean±s.e.m.
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Figure 3. Enriched CD71+ cells compromise neonatal host defence against infection
a, The proportion of CD71+TER119+ splenocytes and the number of recoverable bacteria

(CFU) 48 h after L. monocytogenes (Lm) infection of neonatal mice treated with anti-CD71

antibody or isotype control (rat IgG) antibody. b, The number of recoverable bacteria after

L. monocytogenes infection of mice during postnatal development and adult mice. c, The

proportion of CD71+TER119+ splenocytes in mice during postnatal development and adult

mice. d, Normalized TNF-α production (percentage maximum, % max) by adult CD11b+

responder cells co-cultured with a 1:1 ratio of splenocytes from mice in each age group. e,

Representative flow cytometry plots showing the efficiency of immune lineage cell

depletion (left), and cumulative composite data for TNF-α production by adult CD11b+ cells
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co-cultured with purified CD71+ cells from neonatal or phlebotomized adult mice (right). f,
Arginase-1 and arginase-2 expression in CD71+ cells from phlebotomized adult (black) or

neonatal (red) splenocytes. Each point represents data from an individual mouse, and the

data are representative of three independent experiments. Error bars, mean±s.e.m. HK, heat-

killed; stim, stimulation.
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Figure 4. Neonatal CD71+ cells prevent aberrant immune cell activation in tissue that is rapidly
colonized with commensal microbes
a, TNF-α production by intestinal immune cells from 8-day-old mice treated with anti-CD71

antibody (or isotype control antibody (rat IgG)) on days 5 and 6. b, TNF-α production by

cells recovered from the indicated tissues after anti-CD71 antibody treatment of neonatal

mice (normalized to the values from isotype-control-antibody-treated neonatal mice). c, The

number of recoverable bacteria (CFU) from intestine (brown), spleen (red) and lung (blue)

of fetal (embryonic day (E) 18.5) and neonatal mice in the indicated age (days post

parturition (PP)) after housing with unsupplemented drinking water or drinking water

containing antibiotics (ampicillin, gentamicin, metronidazole, neomycin and vancomycin)
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from E14.5 (n=6–18 mice per time point). d, TNF-α production by cells recovered from the

indicated tissues of neonatal mice sustained on antimicrobial therapy and treated with anti-

CD71 antibody (normalized to the values from isotype-control-antibody-treated neonatal

mice sustained on antimicrobial therapy). e, The proportion of splenocytes that are

CD71+TER119+ in 8-day-old conventional and germ-free mice. f, TNF-α production by

cells recovered from the indicated tissues of germ-free neonatal mice treated with anti-CD71

antibody (normalized to the values from isotype-control-antibody-treated germ-free neonatal

mice). Each point represents data from an individual mouse, and the data are representative

of three independent experiments. Error bars, mean±s.e.m.
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Extended Data Figure 1. Adoptively transferred splenocyte cells from adult mice are retained
but do not become activated in L. monocytogenes (Lm)-infected neonatal mice
a, The proportion of adult CD45.1+ donor cells compared with endogenous neonatal

CD45.2+ cells among unfractionated splenocytes or various cell subsets 48 h after transfer to

5-day-old neonatal mice. b, The proportion of TNF-α-producing CD11c+ or B220+ cells

among endogenous cells in adult or neonatal mice, or among transferred adult cells within

neonates. c, Restored TNF-α production among neonatal cells after transfer to adult mice.

The proportion of TNF-α-producing CD11b+ cells among transferred neonatal cells

compared with endogenous adult cells. Forty-eight hours after infection, splenocytes were

collected from infected or control mice, cultured in medium containing brefeldin A for 5 h
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and then subjected to cell surface and intracellular cytokine staining. Each point represents

data from an individual mouse, and the data are representative of three independent

experiments. Error bars, mean±s.e.m.
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Extended Data Figure 2. Diminished TNF-α and IL-6 production among human cord blood cells
compared with adult peripheral blood mononuclear cells
Representative plots and cumulative data showing TNF-α and IL-6 production by CD11b+

cells among adult peripheral blood mononuclear cells (PBMCs) or cord blood (CB) cells

before and after stimulation with heat-killed (HK) L. monocytogenes (Lm). These results are

representative of ten individual PBMCs or cord blood samples. Error bars, mean±s.e.m.
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Extended Data Figure 3. Neonatal splenocytes suppress the activation of adult cells in co-culture
a, TNF-α production by adult CD11c+ and B220+ responder cells after stimulation with

heat-killed (HK) L. monocytogenes (Lm), and co-culture with the indicated ratio of

splenocytes from 6-day-old neonatal mice. b, Representative plots and composite data

illustrating CD69 and CD25 expression by adult CD8+ responder cells after stimulation with

anti-CD3 antibody, and co-culture with the indicated ratios of neonatal splenocytes. Each

point represents data from an individual mouse, and the data are representative of three

independent experiments. Error bars, mean±s.e.m.
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Extended Data Figure 4. Arginase inhibition overrides the immunosuppressive properties of
neonatal cells
TNF-α production by adult CD11b+ responder cells after stimulation with heat-killed (HK)

L. monocytogenes (Lm) alone (black), or co-culture with neonatal splenocytes at a 1:1 ratio

(blue), or additional supplementation (red) with arginase inhibitors (nor-NOHA or L-NOHA)

(top), or 4-aminobenzoic acid hydrazide (a myeloperoxidase inhibitor), 4′-hydroxy-3′-
methoxyacetophenone (an NADPH oxidase inhibitor), sodium diethyldithiocarbamate

trihydrate (a superoxide dismutase inhibitor), SB-431542 hydrate (a TGF-β receptor

inhibitor), anti-TGF-β antibody (clone 1D11), Sn(IV) protoporphyrin IX dichloride (a haem

oxidation inhibitor), acetylcysteine (a reactive oxygen species (ROS) scavenger), 1-methyl-
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D-tryptophan and 1-methyl-L-tryptophan (IDO inhibitors), and an anti-IL-10 receptor

antibody (clone 1B1.3A) (bottom). Each point represents data from an individual mouse,

and the data are representative of two independent experiments. Error bars, mean±s.e.m.

Elahi et al. Page 23

Nature. Author manuscript; available in PMC 2014 December 05.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Extended Data Figure 5. Human cord blood compared with adult peripheral blood mononuclear
cells is enriched with CD71+CD235A+ erythroid cells, and the depletion of these erythroid cells
unleashes the activation of the remaining neonatal immune cells
a, The proportion of CD71+CD235A+ cells among human adult PBMCs and cord blood. b,

The proportion of CD71+CD235A+ cells among unfractionated and CD71+ cell-depleted

cord blood (top), and the proportion of IL-6-producing cells among CD11b+ cells or the

proportion of CD69+ cells among CD8+ cells in ten individual unfractionated and CD71+

cell-depleted cord blood specimens. The fold increase in CD71+ cell-depleted populations

compared with unfractionated controls is shown above each pair of bars. Error bars, mean

±s.e.m.
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Extended Data Figure 6. CD71+ cell depletion invigorates neonatal immune cell activation
TNF-α-producing CD11c+ or B220+ cells after stimulation with heat-killed (HK) L.
monocytogenes (Lm), or CD69 expression by CD8+ T cells after stimulation with anti-CD3

antibody among unfractionated or CD71+ cell-depleted splenocytes from 6-day-old neonatal

mice. Each point represents data from an individual mouse, and the data are representative

of three independent experiments. Error bars, mean±s.e.m.
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Extended Data Figure 7. Infection-induced cell activation is enhanced in the neonatal lymph
node, where immunosuppressive CD71+ erythroid cell numbers are diminished
a, The proportion of CD71+TER119+ cells among splenocytes and inguinal lymph node

cells in 6-day-old neonatal mice. b, Representative plots and composite data comparing

TNF-α production by CD11b+ cells and CD69 expression by CD8+ cells 48 h after L.
monocytogenes (Lm) infection (red line histogram) or in no infection controls (black line

histogram) in neonatal mice. Each point represents data from an individual mouse, and the

data are representative of three independent experiments. Error bars, mean±s.e.m.

Elahi et al. Page 26

Nature. Author manuscript; available in PMC 2014 December 05.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Extended Data Figure 8. CD71+ cell depletion restores neonatal resistance to E. coli infection
a, Recoverable bacteria 48 h after infection with the indicated E. coli doses in 6-day-old

(neonatal) or 8-week-old (adult) mice. b, Recoverable bacteria 48 h after E. coli infection

(200 CFU) of anti-CD71-antibody-treated neonatal mice compared with isotype-control-

antibodytreated neonatal mice. Anti-CD71 antibody or isotype control antibody (150 µg)

was administered on days 5 and 6 after birth, corresponding to 1 day before infection and the

day of infection. Each point represents data from an individual mouse, and the data are

representative of three independent experiments. Error bars, mean±s.e.m.
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Extended Data Figure 9. Phlebotomy-induced adultCD71+ erythroid cells have a similar subset
distribution to neonatal cells but do not cause susceptibility to infection
a, The proportion of CD71+TER119+ splenocytes in adult control or phlebotomized (bled)

mice 5 days after the initiation of daily phlebotomy for 3 consecutive days. b, The

distribution of TER119+ erythroid cells based on CD71 expression and size (FSC, forward

scatter) among splenocytes from 6-day-old (neonatal) or phlebotomized 8-week-old (adult)

mice. c, The number of recoverable bacteria after L. monocytogenes (Lm) infection (1,000

CFU). Each point represents data from an individual mouse, and the data are representative

of three independent experiments. Error bars, mean±s.e.m.
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Extended Data Figure 10. CD71+ erythroid cells selectively restrict immune cell activation in the
intestine
a, Relative CD40, CD80 and CD86 expression by CD11b+ or CD11c+ cells recovered from

the indicated tissues of 8-day-old (neonatal) mice treated with 150 µg anti-CD71 antibody

(red histograms gated on CD11b+ cells) or 150 µg isotype control antibody (blue histograms

gated on CD11b+ cells) on days 5 and 6. The mean fluorescence intensity for each parameter

in the cells from CD71+ cell-depleted mice was normalized to the levels in isotype-control-

antibody-treated mice. b, CD40, CD80 and CD86 expression for the neonatal mice

described in a after receiving antibiotic supplementation. c, CD40, CD80 and CD86

expression for the neonatal mice described in a after maintenance under gnotobiotic germ-
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free conditions. Each point represents data from an individual mouse, and the data are

representative of three independent experiments. Error bars, mean±s.e.m.
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