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Maternal dendrimer-based therapy 
for inflammation-induced preterm 
birth and perinatal brain injury
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McLane1, Ahmad Almalki1, Rudhab Bahabry1, Hattan Arif1, Rayyan Rozzah1, Ghada Alyousif1, 
Yahya Shabi1, Nader Alhehaily1, Wenyu Zhong1, Andrea Facciabene3, Sujatha Kannan4, 
Rangaramanujam M. Kannan2 & Irina Burd1,5,6

Preterm birth is a major risk factor for adverse neurological outcomes in ex-preterm children, including 
motor, cognitive, and behavioral disabilities. N-acetyl-L-cysteine therapy has been used in clinical 
studies; however, it requires doses that cause significant side effects. In this study, we explore the effect 
of low dose N-acetyl-L-cysteine therapy, delivered using a targeted, systemic, maternal, dendrimer 
nanoparticle (DNAC), in a mouse model of intrauterine inflammation. Our results demonstrated that 
intraperitoneal maternal DNAC administration significantly reduced the preterm birth rate and altered 
placental immune profile with decreased CD8+ T-cell infiltration. Furthermore, we demonstrated 
that DNAC improved neurobehavioral outcomes and reduced fetal neuroinflammation and long-
term microglial activation in offspring. Our study is the first to provide evidence for the role of CD8+ 
T-cell in the maternal-fetal interface during inflammation and further support the efficacy of DNAC in 
preventing preterm birth and prematurity-related outcomes.

Spontaneous preterm birth, a condition often associated with intrauterine inflammation, increases the risk of 
adverse neurologic and developmental outcomes such as cerebral palsy (CP), autism spectrum disorder, attention 
and behavior abnormalities, and motor or cognitive deficits in offspring1–10. The etiology of perinatal brain injury 
is complex and involves a multifaceted response to inflammation including glial activation, production of reactive 
oxygen species (ROS), oxidative stress and, ultimately, the loss of neurons11–17. Administration of antioxidants 
has been employed successfully in animal models of intrauterine inflammation to reduce perinatal inflammatory 
response18, 19.

N-acetyl-L-cysteine, or NAC, is a prodrug that increases the pool of available cysteine, a precursor to the 
antioxidant glutathione (GSH). NAC is also an antioxidant with anti-inflammatory properties and is used clin-
ically for acetaminophen poisoning. Oral NAC administration can reduce rates of recurrent preterm labor in 
patients with a history of bacterial vaginosis20. However, side effects at high doses necessary for this interven-
tion have led to problems with compliance. In animal models, NAC has been shown to attenuate expression of 
pro-inflammatory cytokines in macrophages, and also to protect against preterm labor, but at doses that are much 
higher than those used clinically21. NAC also reduced the immune response in rat fetal brains22.

While NAC can be effective at reducing inflammation-induced preterm birth, it has limitations. The effec-
tive doses for free NAC are high, and can include side-effects such as nausea, vomiting, stomatitis, and fever. 
Nanoparticle-based drug delivery systems offer many advantages compared to free drugs, including sustained/ 
targeted delivery to improve efficacy, and reduction of drug side effects23–25. Recently, the Kannan group has 
shown that postnatal, systemic delivery of poly (amidoamine) dendrimers can target activated microglia and 
astrocytes in the injured pup’s brain and retina26, 27. They showed that a dendrimer-NAC conjugate (DNAC) nan-
oparticle attenuates microglial activation in vitro and decreased the production of tumor necrosis factor alpha 
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(TNF-α), nitric oxide, and peroxides28. More importantly, a single systemic dose of DNAC administered after 
birth to rabbits with CP resulted in marked improvements in motor function, myelination, and attenuation of 
neuroinflammation29. The effect of maternal systemic administration of DNAC on maternal, placental, and fetal 
response to inflammation has not been explored previously and is the subject of the current study. This may pave 
the way for preventing/reducing neurodevelopmental disabilities in the newborn.

We have previously used a mouse model of lipopolysaccharide (LPS) - induced intrauterine inflammation to 
study the effect of maternal immune activation on fetal inflammatory response syndrome (FIRS)8, 14, 15, 30. During 
normal pregnancy, the placenta provides a barrier to prevent the maternal immune system from rejecting the 
fetus. We hypothesized that DNAC will reduce placental inflammation, prevent preterm birth and will result in 
a decrease in perinatal brain injury. To our knowledge, this study is the first to use maternal nanoparticle-based 
therapy to prevent preterm birth and to evaluate placental inflammation and to contrast it to free NAC.

Results
Preparation and characterization of dendrimer-NAC conjugate (DNAC).  We successfully pre-
pared, characterized, and validated the DNAC conjugate and the drug release mechanism for DNAC as described 
previously24, 29, 31. In brief, we functionalized hydroxyl - terminated generation-4 poly amidoamino (PAMAM) 
dendrimer with reactive amine groups using Fmoc protection/deprotection chemistry followed by reaction with 
NAC using a suitable thiol reactive pyridyldithio propionate linker to get DNAC conjugate. The purity of the con-
jugate was validated by 1H NMR and high-pressure liquid chromatography (HPLC). NIH guidelines for authen-
tication of key chemical compounds was followed. Consistent standards and reproducibility are maintained by 
authentication for mass payload of NAC, chemical structure, purity, stability and release profile by 1H NMR and 
HPLC as previously described for other in vivo studies29, 31, 32. Each dendrimer contains 20 molecules of NAC-
conjugated, resulting in a drug payload of ~15 wt%. The DNAC conjugate is readily soluble in water, saline and 
phosphate buffered saline (PBS) (pH 7.4). At physiological conditions, the DNAC conjugate was stable in the 
absence of GSH over a period of 72 h24, 29. At extracellular and plasma GSH levels (2 μM), the conjugate did not 
release measurable NAC. The NAC was readily released from the conjugates (80% in 100 min) at intracellular 
GSH concentrations (2 and 10 mM). This indicated that the use of a disulfide linker enabled rapid release of NAC 
from the conjugate, but only when it was exposed to intracellular GSH-rich environment24, 29.

DNAC reduces preterm birth rate.  Mice were monitored for preterm birth for 32 hours after surgery. 
There were no preterm births among pregnant dams that received intrauterine PBS (n = 12) or intrauterine PBS 
with DNAC (n = 4) (Table 1). Pregnant dams in the intrauterine LPS group (n = 72) had a preterm birth rate of 
75%. Treatment of LPS-exposed dams with DNAC (n = 37) significantly reduced the preterm birth rate to 43.2% 
(p = 0.004, Chi-squared test). In comparison, NAC administration in doses of 10 mg/kg (equivalent to the NAC 
dose in DNAC) and 100 mg/kg (ten-fold higher NAC dose than that in DNAC) resulted in preterm birth rate of 
66.7% (n = 12) and 65% (n = 20), respectively, which was not significant compared to LPS group. In addition, to 
evaluate the effect of dendrimer only we injected the same amount of dendrimer as DNAC to LPS model. There 
was no significant difference between LPS + PBS and LPS + dendrimer (n = 7) on preterm birth rate (Table 1, 
p > 0.05, Chi-squared test) which is similar to previous study29, demonstrating that there was no effect of den-
drimer alone since it is an inert vehicle.

To see if intrauterine inflammation has effects on postnatal growth of offspring, we weighed the pups at PND 
5. At PND5, there was no difference between PBS and LPS groups (p > 0.05, Student’s t-test, and data not shown).

Dendrimer-Cy5 conjugate localizes to placenta and yolk sac membranes.  To determine the bio-
distribution of the dendrimer in our model, we utilized dendrimer conjugated with the fluorophore Cy5 (DCy5). 
Six hours after surgery, ex vivo imaging and histochemical assessments were done. DCy5 localized to the uterus 
and placenta (Fig. 1A). Regardless of whether LPS or PBS was injected, the systemic dendrimer appeared to accu-
mulate near the site of LPS/PBS injection in the uterus (Fig. 1A). DCy5 accumulated more in placentas proximal 
to the LPS injected surrounding structure (Fig. 1B). In mice injected with PBS, the localization of dendrimer in 
the placenta was evenly distributed amongst embryos throughout the uterus (Fig. 1B). Confirmatory histochem-
istry verified that the dendrimer was present in placental tissue (Fig. 1C,D). With PBS injection, the dendrimer 
was localized primarily in maternal tissues of the placenta (Fig. 1C). We observed stronger signaling in the fetal 
yolk sac with LPS injection compared to PBS (Fig. 1D).

DNAC induces regulatory immune response in placenta.  We next performed quantitative reverse 
transcription PCR (RT-qPCR) to measure the expression of interleukin (IL) - 6, TNF-α and IL-10 in the placenta. 

Treatment Preterm Birth (%)***
PBS 0/12 (0.0)

LPS 54/72 (75)

PBS + DNAC 0/4 (0)

LPS + DNAC 16/37 (43.2)

LPS + dendrimer 4/7 (57.1)

LPS + NAC10 8/12 (66.7)

LPS + NAC100 13/20 (65.0)

Table 1.  Preterm birth rate. ***Chi Square test, p < 0.001.
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In placenta, despite the high mRNA levels of pro-inflammatory cytokines, IL-6 and TNF-α in LPS + NAC100 or 
LPS + DNAC, which were similar to LPS, DNAC significantly increased the regulatory cytokine IL-10 mRNA 
levels following LPS exposure, compared to PBS and LPS + NAC100 groups (p < 0.01 and p < 0.05, respectively, 
One-Way ANOVA, Fig. 2) The similar change was not observed with free NAC treatment of 100 mg/kg (Fig. 2). 
Treatment of DNAC to the surgical control (PBS and surgery) did not show any significant difference from the 
vehicle administered group.

DNAC prevents LPS-induced placental CD8+ T-cell infiltration.  Following the observation that 
regulatory cytokine expression in the placenta was increased by DNAC, we performed immunohistochemistry 
and flow cytometry to analyze immune cell infiltration. To exclude the vascular leucocytes, double staining of 
endothelial marker (vimentin) and CD45 on placenta (Supplementary Fig. S1) was performed. At 6 hours after 
LPS exposure in the placenta, there was an increase in CD3+/CD45+ T-cells in both the maternal and fetal side 
of the placenta (Fig. 3A,B). Quantification of placental immune cells showed that DNAC treatment significantly 

Figure 1.  Ex vivo fluorescent imaging and immunohistochemistry to monitor trafficking of Cy5-labeled 
dendrimer (DCy5). On gestational day 17 (E17), pregnant CD-1 dams were given intrauterine injections of LPS 
or PBS. DCy5 (10 mg/kg) was administered intraperitoneally 1 hour later. After 6 hours, uterus and embryos 
were isolated, imaged to monitor the fluorescent signal from DCy5, and prepared for histochemical verification. 
(A) The labeled dendrimer accumulated at LPS injected surrounding structure (arrow heads) and in the bladder 
(arrow). (B) Four embryos from each uterus were imaged. The outer embryos are from opposing distal ends of 
the uterine horns, and the two embryos in the center were taken from either side of the LPS or PBS injection 
site. The labeled dendrimer was distributed evenly in placentas (arrowheads) from proximal and distal embryos 
in the PBS group, but had increased accumulation in placentas of embryos near the site of LPS injection (arrow). 
(C) Histochemistry confirmed the presence of DCy5 in the maternal side of the placenta. (D) DCy5 was present 
in the fetal tissue of the placenta, but was restricted to the yolk sac membranes. The presence of DCy5 in the 
yolk sac increased with LPS exposure. Images are 40× magnifications, and scale bars represent 50 μm. Double 
arrows: embryo. The diagram was printed with permission © 2016 Jennifer Fairman, CMI, Johns Hopkins 
University SOM.
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reduced the LPS-induced infiltration of CD3+ T-cells (p < 0.01, One-Way ANOVA). Administration of free NAC 
did not ameliorate the infiltration of CD3+/CD45+ T-cells in LPS-exposed placentas (Fig. 3C,D).

Analysis of CD4+ and CD8+ subsets by flow cytometry showed that while the frequency of CD4+/CD45+ cells 
was not changed between the treatment groups (Fig. 4A,B), maternally-administered DNAC treatment following 
the exposure to LPS significantly reduced CD8+ T-cell frequency versus LPS (p < 0.01, One-Way ANOVA).

DNAC reduces LPS-induced microglial activation.  To determine the effect of DNAC on microglial 
activation, we analyzed microglia by immunohistochemistry (ionized calcium binding adaptor molecule 1 (Iba-
1) staining) and flow cytometry at PND17. Iba-1 immuno-staining demonstrated an increase in activated micro-
glia morphology (amoeboid shape in cell body and less ramification of cell branches) in LPS-exposed cortex and 
hippocampus compared to PBS control. DNAC-treated brains showed less microglial activation pattern com-
pared to LPS-exposed and free NAC-treated brains (Fig. 5A).

For flow cytometry analysis, we prepared single-cell suspensions from neonatal brains and identified micro-
glia as CD11b+/CD45+ cells with a monocyte phenotype based on forward scatter and side scatter (Fig. 5B). 
LPS-exposed offspring had a significant increase in activated microglia compared to PBS control (p < 0.001, 
One-Way ANOVA) (Fig. 5C). DNAC treatment did not induce microglia activation in PBS-treated offspring and 
significantly reduced activated microglia compared to the LPS group. NAC administration showed no signifi-
cance in preventing the activation of neonatal brains (p < 0.001, One-Way ANOVA) (Fig. 5C).

DNAC improves neuromotor development.  We have previously shown that the LPS-induced intrauter-
ine inflammation affects pre-weaning performance on negative geotaxis and cliff aversion tests10. In the compar-
isons, we focused on the effect of our model compared to non-surgical control and the effect of DNAC treatment 
compared to LPS model. Similar to previous study, LPS-exposed pups exhibited impaired performance compared 
to PBS controls at postnatal day (PND) 9 on negative geotaxis test (Fig. 6). DNAC and NAC treatment signifi-
cantly improved negative geotaxis or cliff aversion tests at either PND5 or PND9 (Fig. 6).

Discussion
For the first time, we demonstrate that maternally-administered prenatal systemic delivery of targeted, 
dendrimer-conjugated therapy improves perinatal outcomes in a mouse model of intrauterine inflammation, 
through maternal immunomodulation. Specifically, a single dose of systemic DNAC was found to have a sig-
nificant impact on prevention of preterm birth and reduction of neuromotor deficits in offspring exposed to in 
utero inflammation, through its direct effects on placenta and indirect effects on fetal brain. At doses of 10 mg/kg, 
DNAC therapy was more effective than NAC therapy of 100 mg/kg in the prevention of preterm birth and pla-
cental and fetal brain immune response. No adverse effects of DNAC were noted in the controls. These findings 
suggest that DNAC may be an effective therapeutic agent during preterm labor, administered in order to delay the 
onset of birth and to reduce long-term adverse neurological sequelae in offspring.

Since we already established the component and conjugate safety, we focused this paper on whether ‘maternal 
administration of D-NAC’ has a positive impact on the fetus and the newborn. The findings reported in this paper 
are rather significant, and show that even maternal administration of D-NAC may be beneficial, and has signif-
icant translational potential, given that D-NAC is undergoing clinical translation for the treatment of newborns 
and children.

In our prior studies of intra-amniotic administration of dendrimer alone we demonstrated that dendrimers 
localize in the fetal brain 24 hours after amniotic fluid injection in a rabbit model and mouse model of maternal 

Figure 2.  DNAC suppresses inflammatory response in the placenta. cDNA was prepared from RNA isolated 
from placentas (A–C) at 6 hours post-surgery, and RT-qPCR was performed to assess cytokine gene expression. 
Cytokine expression was normalized to 18S ribosomal, β-actin, GAPDH, and HPRT RNA expression. DNAC 
treatment significantly increased the expression of IL-6 and IL-10 in LPS-exposure group, compared to PBS 
control (A and C). There were no significant changes between PBS and PBS + DNAC group for IL-6, TNF – α 
and IL-10 expression. Data was log transformed for statistical analysis. (*p < 0.05 vs LPS + DNAC, **p < 0.01 vs 
LPS + DNAC); One-way ANOVA with Newman-Keuls for multiple comparisons; n = 6 PBS litters, 3 LPS litters, 
5 LPS + DNAC litters, 5 PBS + DNAC litters, 5 LPS + NAC100 litters). GAPDH, Glyceraldehyde 3-phosphate 
dehydrogenase; HPRT, hypoxanthine phosphoribosyltransferase 1.
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inflammation33, 34. However, human placental perfusion studies using this dendrimer have shown that very little 
dendrimer crosses the human placenta35. In this study, we were not focusing specifically on maternal effects, but 
were focusing on the fetal/newborn effects of dendrimer-drug therapy administered to the mother. We admin-
istered the dendrimer-based therapy one hour after LPS exposure intra-peritoneally (maternal therapy) and 
harvested tissues six hours after the surgery. Treatment at this time point, primarily affected the placental and 
maternal response. We used a fluorescent-labeled dendrimer delivered maternally and monitored localization 
by ex vivo imaging and immunohistochemistry. Similar to our previous studies29, 36–38, we demonstrated that the 
dendrimer localizes only in the sites of inflammation, thereby resulting in targeted therapy to placenta. Based 
on these data, we believe that the responses we see in the fetus and offspring with DNAC therapy are due to its 
indirect effects on the fetal brain.

Figure 3.  DNAC suppresses CD3+ T- cell recruitment to the placenta. (A,B) Placentas were collected at 6 hours 
after intrauterine LPS injection and stained with anti-CD45 (a marker for hematopoietic cells) and anti-CD3 (a 
marker for T cells) antibodies. DAPI staining identified nuclei. CD45+ and CD3+ cells were quantified in the 
maternal and fetal sides of the placenta (vasculature excluded). CD3+/CD45+ cells were observed at the margins 
of vessel walls in LPS group. This phenomenon was not observed in the other groups evidently. The diagram was 
printed with permission © 2016 Jennifer Fairman, CMI, Johns Hopkins University SOM. (C,D) LPS increased 
CD3+ cells and ratio of CD3+/CD45+ cells in both the maternal and fetal sides of the placenta compared to 
PBS and DNAC groups (*p < 0.05, **p < 0.01 and ***p < 0.001 vs. LPS; One-Way ANOVA with Bonferonni 
post-hoc test, n = 5 for all groups (7 groups, 35 litters)). Images are 40× magnification, and scale bars represent 
50 µm.
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Clinically, there are limited options for prevention of preterm birth. Most interventions focus on antibiotics (as 
in cases of preterm premature rupture of membranes) or short-term tocolytics in order to reduce preterm birth39. 
In most cases, therapy does not address long-term sequalae to the fetus, and it is important to increase therapeutic 
armamentarium for prevention of progression of preterm labor to preterm birth and inflammation-associated 
morbidity. NAC has been shown to reduce the rate of recurrent preterm birth in a clinical trial and to decrease 
preterm birth in animal models if administered before LPS. That being said, a prior study by Xu et al.40 demon-
strated that administering free NAC (total of 300 mg/kg per animal) after LPS exposure led to a higher preterm 
birth rate compared to no treatment. The doses used by Xu et al. were higher than those used in our study (10 mg/
kg and 100 mg/kg). This evidence supports our hypothesis that free NAC at various doses (10, 100, and 300 mg/
kg) does not reduce preterm birth and may have adverse side effects, and that a superior treatment is low-dose, 
dendrimer-bound NAC20–22, 41. Typical doses on NAC used in other studies for maternal inflammation have used 
100–300 mg/kg of NAC systemically every 6 hours42, 43. DNAC, a conjugate of NAC with a dendrimer nanoparti-
cle (~4 nm in size), has been synthesized and successfully used in various animal models to prevent adverse neu-
rologic outcomes29, 31–34. The dose that we have used here is a 10th of that dose and is administered only once. This 
will avoid high doses in the fetus and the doses that have reported side effects in human studies. Our study is the 
first to demonstrate that DNAC is superior in prevention of preterm birth, and in reducing ongoing inflamma-
tion and microglial activation after birth. Importantly, treatment of DNAC to the ‘healthy’ surgical control (PBS) 
mothers did not show significant effect compared to vehicle controls, suggesting that DNAC does not induce an 
immune response in healthy animals.

Intrauterine inflammation, induced by LPS, leads to toll-like receptor 4 (TLR-4) activation and the production 
of acute phase cytokines mediated through the NFκB pathway44. IL-10 is a regulatory cytokine that is produced in 
response to inflammation in order to suppress the inflammatory cascade45, 46. It plays an important role in further 
activation and recruitment of immune cells47–50. In our studies, we demonstrate that in comparison to free NAC, 
DNAC is able to increase IL-10 production in placenta (Fig. 2C). We speculate that IL-10 production is one of the 
key players at the maternal-fetal interphase which assists in maternal immunomodulation and fetal response to 
intrauterine inflammation.

Immune cells, specifically T cells, play a crucial role in regulating the maternal-fetal interface and its response 
to inflammation in pregnancy. T cell tolerance and trafficking are regulated by decidual stroma cells in the pla-
centa, providing additional protection from aberrant maternal immunity51–53. When challenged with inflamma-
tion, the placental barrier function is weakened, allowing T cell infiltration54. Indeed, our immunohistochemical 
results indicate that intrauterine inflammation leads to an increase in CD3+/CD45+ cells on both maternal and 
fetal sides of the placenta, with a significant decrease following DNAC but not free NAC treatment (Fig. 3C). 
Further analysis by flow cytometry confirmed an increase in CD8+ cytotoxic T cells following intrauterine 
inflammation. Treatment with DNAC prevented the increase in CD8+ T-cell infiltrates, indicating that trafficking 
and homing signaling was disrupted (Fig. 4C).

The flow cytometry data represented the whole profiles of CD4 and CD8, demonstrating the decreased num-
bers, including the intravascular and extravascular CD8 cells by DNAC administration. The IHC data showed 

Figure 4.  DNAC suppresses CD8+ T cell recruitment to the placenta. Single-cell suspensions were prepared 
and flow cytometry was performed to quantify CD4+ and CD8+ T cells. (A) The frequency of CD4+ T cells did 
not change between the treatment groups (p > 0.05; One-Way ANOVA, n = 8 PBS, 7 LPS, 5 LPS + dendrimer 
N-acetyl-L-cysteine (DNAC), 5 PBS + DNAC, 4 non-surgical control (Control). (B) Treatment with DNAC 
significantly reduced placental CD8+ T cells compared to LPS. (p < 0.01, One-Way ANOVA with Bonferonni 
post hoc test: *p < 0.05 vs. LPS, **p < 0.01 vs. LPS; n = 4 PBS litters, 5 LPS litters, 3 LPS + DNAC litters, 3 
PBS + DNAC3 litters, 4 Control litters).
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the infiltrated T cells (extravascular CD4 and CD8 T cells). This may imply that the infiltrated T cells were CD8 
cells. Due to technical limitations, we cannot separate T cells in the blood vessels by flow cytometry, and CD4 or 
CD8 T cells by IHC.

Others have shown that T lymphocytes are not key players in the regulation of preterm birth55. Therefore, we 
do not attribute DNAC-associated decreases in preterm birth to the reduction of placental T cell infiltrates. As 
we know from our prior studies, preterm labor, and perinatal brain injury have divergent mechanisms56. While 
CD8+ cytotoxic T cells do not play a role in preterm labor, we speculate that, CD8+ T cells may be involved the 
mechanism of LPS-induced intrauterine inflammation. We further speculate that reduction in placental CD8+ T 
cells led to a decrease in placental inflammatory load which indirectly benefited fetal neurodevelopment.

Microglia is tissue-resident macrophages that form the basis of the brain’s immune system for the fetus57, 58. 
They have been shown to be persistently activated into adulthood following in utero exposure to inflammation 
and play a role in adverse neurological outcomes10. In our study, we examined the effect of maternally adminis-
tered DNAC on microglial activation in the presence of intrauterine inflammation. Studies have already demon-
strated that microglia contribute to the development of neurons59, 60. Postnatally, we focused on the cortex and 
hippocampus, in which neurons are primarily located. Similarly, we found decreased microglial activation only 
with DNAC. While preweaning neurobehavior was comparable between DNAC and free NAC following expo-
sure to intrauterine inflammation, we speculate that decreased microglial activation may play a role in long-term 
postweaning neurological function. As we have previously shown that adult offspring (PND 120) of dams that 
were exposed to LPS in utero exhibit chronic brain inflammation, with persistent microglial activation and aber-
rant post-weaning behavior, we speculate that DNAC may prevent these prolonged detrimental effects10.

In summary, in our study, we provide evidence that a single, maternal systemic DNAC treatment (at 10 mg/
kg dose) prevents inflammation-induced preterm birth rate, reduces placental and fetal brain inflammation and 
improves neurologic outcomes in offspring, at doses that are ten times lower than free NAC. The significance of 
the study is that, even though the therapy is administered to the mother, without crossing to the fetus, it has a 
positive impact on the fetus and the newborn. Our results suggest a mechanism by which acute pro-inflammatory 

Figure 5.  Immunohistochemical staining (IHC) and flow cytometric analysis of postnatal microglial activation 
at PND17. (A) At postnatal day (PND) 17, LPS-exposed offspring had increased numbers of activated microglia 
(less cell ramification and more amoeboid shape, white arrows) in the cortex and hippocampus compared to 
PBS and dendrimer N-acetyl-L-cysteine (DNAC) treatment groups (black arrows). (B) Methodology of flow 
cytometry on microglial activation. Single-cell suspensions were prepared from brains, stained with CD45, 
CD11b, and Iba-1 antibodies, and analyzed by flow cytometry. Microglia was identified as CD11b+/CD45+ 
and Iba-1 expression was assessed to measure microglial activation. (C)Based on the methodology of (B), LPS-
exposed offspring had an increased number of Iba-1+ microglia compared to PBS. DNAC treatment resulted 
in reduced numbers of activated microglia versus LPS alone. (***p < 0.001; One-Way ANOVA; n = 6 PBS 
litters, 9 LPS litters, 5 LPS + DNAC litters, 4 PBS + DNAC litters, 3 LPS + NAC100 litters). Images are 100× 
magnification, and scale bars represent 5 μm.
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signaling is attenuated in the placenta, resulting in a decrease in placental immune activation and a reduction in 
perinatal brain injury. The acute maternal immune response leads to placental infiltration of peripheral immune 
cells, suggesting that compromise of the maternal-fetal barrier occurs early in the course of an immune response. 
Additional work is warranted to clarify the mechanism by which DNAC prevents preterm birth, placental and 
fetal brain immune activation, and infiltration of CD8+ T cells. The positive maternal therapeutic outcomes 
following a relatively low dose of dendrimer-conjugated NAC (DNAC-10 mg/kg of NAC), combined with the 
positive safety profile of these dendrimers in the newborn rabbits, offers promise for clinical translation in the 
perinatal period29.

Methods
Mouse model of intrauterine inflammation.  All animal care and treatment procedures were approved 
by the Animal Care and Use Committee of Johns Hopkins University. All methods were performed in accord-
ance with the relevant guidelines and regulations of Johns Hopkins University. Timed pregnant CD-1 mice were 
obtained from Charles River Laboratories (Wilmington, MA), and an established model of intrauterine inflam-
mation was used as previously described8, 10, 13, 14, 30, 61–63. Briefly, pregnant dams underwent laparotomy at embry-
onic day 17 (E17) and were injected with either 25 μg LPS (from E. coli O55:B5; Sigma Aldrich, St Louis, MO) in 
100 μl PBS or 100 μl of PBS alone between the first and second embryos of the right uterine horn. The injected 
structure was inside uterine muscle (intrauterine) between the first and second sac of right horn of murine 
uterus60. At 1 hour after the surgery was performed, dams from LPS-exposed and PBS - exposed groups received 
via intraperitoneal (IP) injection either 150 μl of DNAC (Fig. 7A, 10 mg/kg), 150 μl of free NAC (10 mg/kg), 150 μl 
of free NAC (100 mg/kg), Cy5-labeled dendrimer (10 mg/kg), 150 µl PBS, or no intervention (non-surgical con-
trols). As indicted in Fig. 7B, outcomes included preterm birth, placental immune activation at 6 h post-surgery, 
neurobehavioral at PND 5 and 9 and microglial activation at PND 17. These time points were chosen consistent 
with previous studies10, 64.

Preterm birth.  Mouse gestation is 19–20 days, and we consider all deliveries prior to E19 as preterm birth. 
Therefore, we observe mice for delivery up to 32 h post-surgery at E17 for any deliveries that would be considered 
preterm. The preterm birth rate was determined for the following: n = 12 PBS dams, 65 LPS dams, 4 PBS + DNAC 
dams, 37 LPS + DNAC dams, 20 LPS + NAC100 and 12 LPS + NAC10.

Behavioral evaluation.  A developmental milestone scoring system was used as previously described with 
modifications65. Motor development was assessed by negative geotaxis and cognitive development was meas-
ured by cliff aversion on PND 5 and 9. The tests were conducted as follows: n = 18 PBS litters, 27 LPS litters; 17 
LPS + DNAC litters; 4 PBS + DNAC litters; 14 LPS + NAC10 litters; 6 LPS + NAC100 litters; 14 non-surgical 
control litters. We have previously shown that both in in-vitro and in-vivo studies that this neutral hydroxyl den-
drimer has no effect on markers of inflammation or neurological function29, 32.

Figure 6.  Neuromotor and developmental behavioral changes in response to intrauterine exposure to LPS. 
Surviving offspring were tested on postnatal day (PND) 5 and 9 to assess neurodevelopmental milestones 
using negative geotaxis and cliff aversion tests. Prenatal lipopolysaccharide (LPS) exposure induced significant 
changes in negative geotaxis and cliff aversion test performance in LPS groups at PND 9. Maternal treatment 
with dendrimer N-acetyl-L-cysteine (DNAC) significantly improved negative geotaxis behavior at PND 5 and 9, 
compared to surgery + LPS. Cliff aversion test performance for treated pups was similar to non-surgical control 
litters at PND9. (Generalized Estimating Equations with pair-wise Bonferroni post-hoc tests; n = 18 PBS litters, 
27 LPS litters; 17 LPS + DNAC litters; 4 PBS + DNAC litters; 14 LPS + NAC10 litters; 6 LPS + NAC100 litters; 14 
Control litters).
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RT-qPCR.  We dissected two placentas at right horn of mouse uterus randomly but excluded the first and 
second sac of each dam and applied pooled RNA extraction for RT-PCR experiment. RNA was prepared using 
RNeasy Mini Kit (Qiagen, Valencia, CA), and cDNA was synthesized using iScript cDNA synthesis kit (Bio-Rad, 
Hercules, CA). The following probes were obtained from Integrated DNA Technologies (Coralville, IA): IL-6, 
Mm.PT.58.10005566; IL-10, Mm.PT.58.13531087; TNF-α, Mm.PT.58.29509614; glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), Mm PT. 39a.1; hypoxanthine-guanine phosphoribosyltransferase (HPRT), Mm. 
PT. 39a.22214828 and β-actin, Mm.PT.58.33540333. 18S ribosomal RNA endogenous control primers were 
obtained from Life Technologies (Grand Island, NY). RT-qPCR was performed with Universal Master Mix II 
(Life technologies, Frederick, MD) on a CFX384 Real-Time PCR Detection system (Bio-Rad, Hercules, CA). The 
RNA was isolated from placentas at 6 h post-surgery for the following groups: n = 6 PBS litters, 3 LPS 3 litters, 5 
LPS + DNAC litters, 5 PBS + DNAC litters, 5 LPS + NAC100 litters.

Immunohistochemistry and ex vivo imaging.  Placenta and fetal brain were harvested 6 h follow-
ing surgery as well as PND 17 brains for examination of pre-weaning brain anatomy. Using a cryostat (Leica; 
Buffalo Grove, IL), placenta, fetal and postnatal brains were sectioned into 20 μm thick slices and then attached to 
Superfrost Plus Microscope Slides (Fisher; Jessup, MD), followed by drying at room temperature. Sections were 
incubated overnight at 4 °C with primary antibodies in PBS containing 0.5% Triton X-100 (Sigma-Aldrich, St. 
Louis, MO) and 3% horse serum (Life Technologies, Frederick, MD). The placenta was stained with rat anti-CD45 
(BD Pharmingen, San Jose, CA), rabbit anti-CD3 (DAKO, Carpinteria, CA) and rabbit anti-vimetin (Abcam, 
Cambridge, MA). CD45 is a leucocyte marker and CD3 is a T cell marker. Vimetin is an endothelial cell marker. 
Fetal and postnatal brains were stained with rabbit anti- Iba-1 (Wako, 019–19741, Richmond, VA). Iba-1 is a 
microglia/macrophage-specific calcium-binding protein and identifies activated microglia66. The next day, sec-
tions were rinsed with PBS, and then incubated with fluorescent secondary antibodies diluted 1:500 for 3 hours 
at room temperature. The following antibodies were used for immunofluorescence: goat anti-rabbit DyLight 
568 (Abcam, Cambridge, MA) and donkey anti-rat Alexa Fluor 488 (Life Technologies, Grand Island, NY). The 
sections were further stained with DAPI (Roche, Indianapolis, IN) for 2 min at room temperature followed by 
mounting with Fluromount-G (eBioscience, San Diego, CA). Images were obtained using an Axioplan 2 Imaging 
system (Carl Zeiss, Thornwood, NY) from the same staining batch. The area of field was chosen as indicated by 
the diagram (Fig. 3), avoiding the edge of tissue, tissue folds and any other artifacts. Cell count was performed 
by Image J 1.37 V (NIH) on 10 chosen fields in placenta per animal (n = 5 per group, 7 groups). In this study, the 
maternal side was referred to the decidua layer of placenta and fetal side was referred to the labyrinth layer and 
yolk sac. Two independent observers performed the cell quantification.

Ex vivo imaging was performed at 6 h after surgery using an MS FX PRO in vivo imager (Bruker, Billerica, 
MA). For Cy5, a 630 nm excitation filter and 730 nm emission filter was used. Reflectance images were acquired 
without filters.

Flow cytometry.  Cortex from mouse brain was homogenized and digested using Neural Tissue Dissociation 
Kit (T) (Miltenyi, San Diego, CA) according to the manufacturer’s protocol. Briefly, brains were removed and 

Figure 7.  Schematics of dendrimer –NAC and experimental flow. (A) Chemical formular of dendrimer- NAC 
(DNAC). (B) Schematic of experimental design. E: embryonic day; IU: intrauterine; IP: intraperitoneal; IHC: 
immunohistochemistry; PND: postnatal day.
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washed in PBS, placed on a petri dish and cut in fragments and transferred into the gentlimax Tube con-
taining 1950 μL of enzyme mix 1 plus 30 μL of enzyme mix 2. Single-cell suspensions were adjusted to 30% 
Percoll in HBSS and centrifuged at 300 g for 10 minutes to remove myelin. Cell pellets were washed in HBSS 
and resuspended in FACS Buffer (2% FBS in PBS) for staining. Placentas were collected at 6 hours after LPS 
exposure, digested with collagenase Type IV (Sigma). Single cells suspensions were labeled with the following 
mAbs: anti-CD45-PE conjugated (BD, clone 30-F11); anti-CD8- pacific orange conjugated (Life technologies, 
clone 5H10), anti-CD4- PercP Cy 5.5 conjugated (BioLegend, clone RM4–4), Iba-1- FITC conjugated (Abcam, 
clone:1022–5); CD11b - PercP Cy 5.5 conjugated (BD, clone M1/70) diluted 1:50–1:100 in FACS buffer for 
30 minutes at 4 °C in the dark, and analyzed on a BD FACSCalibur (Becton Dickinson, Franklin Lakes, NJ). 
Analysis of flow cytometry data was performed using FlowJo (Tree Star, Ashland, OR).

Statistics.  Data analyses were performed with Prism 5 (GraphPad Software, Inc, La Jolla, CA) or SPSS (IBM 
Corp., Armonk, New York). Preterm birth rate data were analyzed using Chi-square test. RT- qPCR gene expres-
sion and immunohistochemistry data were analyzed using One-Way ANOVA with Bonferonni post-hoc test 
for multiple comparisons of normally-distributed data and Kruskal-Wallis with Dunn’s multiple comparisons 
for non-parametric data. Nested litter behavior data was analyzed using Generalized Estimating Equations with 
Bonferroni pair-wise comparisons in SPSS.
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