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Abstract

Even though HIV-1 replication can be suppressed by combination antiretroviral therapy

(cART) inflammatory processes still occur, contributing to comorbidities. Comorbidities are

attributed to variety of factors, including HIV-1 mediated inflammation. Several HIV-1 pro-

teins mediate central nervous system (CNS) inflammation, including Nef. Nef is an early

HIV-1 protein, toxic to neurons and glia and is sufficient to cause learning impairment similar

to some deficits observed in HIV-1 associated neurocognitive disorders. To determine

whether hippocampal Nef expression by astrocytes contributes to comorbidities, specifically

peripheral inflammation, we infused Sprague Dawley rats with GFP- (control) or Nef-trans-

fected astrocytes into the right hippocampus. Brain, lung, and ileum were collected postmor-

tem for the measurement of inflammatory markers. Increased blood-brain-barrier

permeability and serum IL-1β levels were detected in the Nef-treated rats. The lungs of Nef-

treated rats demonstrated leukocyte infiltration, macrophage upregulation, and enhanced

vascular permeability. Ileal tissue showed reactive follicular lymphoid hyperplasia,

increased permeability and macrophage infiltration. The intracerebroventricular application

of IL-1 receptor antagonist reduced infiltration of immune cells into ileum and lung, indicating

the important role of IL-1β in mediating the spread of inflammation from the brain to other tis-

sues. This suggests that localized expression of a single viral protein, HIV-1 Nef, can con-

tribute to a broader inflammatory response by upregulation of IL-1β. Further, these results

suggest that Nef contributes to the chronic inflammation seen in HIV patients, even in those

whose viremia is controlled by cART.
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Introduction

Combination antiretroviral therapy (cART) has remarkably altered the human immunodefi-

ciency virus type I (HIV-1) epidemic, as cART improves quality of life, can prevent viral trans-

mission, and prolongs the life expectancy of patients living with human immunodeficiency

virus type 1 (PLWH)[1]. However, PLWH can still suffer from comorbidities. Neurocognitive

impairment as well as cardiovascular, gastrointestinal (GI), and pulmonary diseases pose chal-

lenges for managing quality of life of PLWH. Neurocognitive impairment onset can be caused

by central nervous system (CNS) inflammation. CNS inflammation can occur early after HIV

infection, as the virus is neurotropic and quickly establishes a reservoir in the brain. Macro-

phages, microglia, and astrocytes are major cell types in brain. These cells are involved in the

development of CNS inflammation. Astrocytes are an important, source if viral neurotoxin

even when replication is restricted by cART. [2–12]. Astrocytes are susceptible to HIV infec-

tion [6, 9, 13, 14] but refractory to viral replication [5, 8]. Hallmarks of brain inflammation can

persist even when viral loads are undetectable, in part because of reduced brain penetrance of

some antiretroviral drugs, even when peripheral levels achieve therapeutic efficacy [15].

The expression of viral proteins such as Tat, Nef, and GP120 is well documented to induce

neuropathogenesis, contributing to the progressive neurological impairment seen very often

in PLWH. Of particular interests is Nef, an early HIV protein produced and secreted by

infected cells, that it is associated with HIV-associated dementia [16, 17]. Furthermore, micro-

glia or macrophages may transfer Nef to other cells, including those that have not been

infected by HIV-1 [18–20]. While cART controls viral replication, it does not prevent the

expression of HIV proteins in infected cells [21]. Nef has been shown to downregulate CD4

and MHC I expression, which is thought to contribute to immune evasion by HIV-1 [22–25].

Nef has been shown to be released in exosomes when produced by astrocytes [26] causing neu-

rotoxicity and upregulation of CCL-5 in astrocytes [27, 28].

Brain damage can trigger the pro-inflammatory secretion of cytokines such as, IL-6, CCL-

2, and IL-8, that can be released by astrocytes [29].Furthermore, IL-1β and other proinflamma-

tory cytokines released by astrocytes or macrophages/microglia have been identified in the

cerebrospinal fluid of HIV patients, suggesting cytokines play an role in HIV-induced CNS

pathologies [30, 31]. IL-1β has been implicated in other chronic inflammatory diseases, such

as multiple sclerosis and rheumatoid arthritis, and may contribute to the spread of inflamma-

tion between the brain and peripheral tissue [32]. For example, in mice with multiple sclerosis

and rheumatoid arthritis, high serum IL-1β levels correlate with the elevated CNS expression

of IL-1β, IL-8, and TNF-alpha [33]. In plasma, IL-1β expression may contribute to the differ-

entiation of monocytes into macrophages and the acquisition of phagocytic and antigen-pre-

senting properties by macrophages, possibly promoting inflammation in different organs [34].

The development of severe systemic inflammation was shown to be prevalent among trau-

matic brain injury (TBI) patients [35]. TBI and HIV patients with neurocognitive symptoms

correlate with damage to neurons, astrogliosis, and loss of blood-brain barrier (BBB) integrity

[36–39]. TBI patients present intestinal mucosa abnormalities, increased gut permeability, and

intestinal inflammation [40–42]. These findings suggest a correlation between brain inflamma-

tory processes and pathologies in peripheral organs after TBI. Since the brain is also consid-

ered a reservoir for HIV, this raises the possibility that viral or protein activity in the brain will

be reflected similarly to peripheral organ inflammation.

Using a rat model in which primary rat astrocytes were implanted in the rat hippocampus

and transfected to express Nef, we previously documented the neurocognitive impairment

caused by the HIV-1 Nef protein [43]. Although these animals showed normal weight gain,

locomotor behavior, and motor coordination, we subsequently observed that rats undergoing
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the hippocampal infusion of Nef-expressing astrocytes demonstrated gross alterations of the

GI tract.

In the present study, we aimed to characterize the effects on the systemic effect that result

from the hippocampal implantation of Nef-expressing astrocytes. In light of brain–lung [44,

45] and gut–lung [46, 47] crosstalk and of the effects of HIV-1 infection on the lungs, even in

the post-cART era [48], we also examined the effect of astrocytic expression of HIV-1 Nef in

the hippocampus on the lungs. Based on the relevance of inflammatory cytokines in driving

peripheral inflammation after traumatic injury to the CNS, we also examined the role of IL-1β
in our model. In this study, we showed that hippocampal infusion of Nef-expressing astro-

cytes, induced BBB disruption along with upregulation of IL-1 β in serum. Morphological

alteration was observed in lung and ileum. In lung, we found inflammatory cell infiltration

(macrophages, eosinophils, and neutrophil) and permeability disruption. Ileal tissue presented

enlarged Peyer’s patches, increased macrophage infiltration and permeability disruption. We

further characterized that the mechanism involved in the pathologies was dependent on IL1-

β, since we demonstrated that blockage of the IL-1 receptor inhibited the pathologies

observed.

Materials and methods

Institutional Animal Care and Use Committee (IACUC) approval

All experimental protocols involving live animals were pre-approved by the Ponce Health Sci-

ences University Institutional Animal Care and Use Committee (IACUC) protocol num-

ber180. The animals were housed in pairs under constant environmental conditions with 12-h

light-dark cycle and unrestricted access to food (standard laboratory rat chow) and throughout

the study. Pain and discomfort were minimized using inhalation anesthesia for surgical proce-

dures and post-operative application of Neosporin + benzocaine. Animals were observed daily

by staff, including veterinary supervision. The parameters to determine the humane endpoint

of the study were determined based on the failure to groom, move or feed. None of the rats

were excluded from the study.

Primary rat astrocyte extraction and culture

The extraction and culture of primary rat astrocytes were performed as previously described

[43]. Primary rat astrocytes were obtained from the brains of three-month-old Sprague Dawley

rats. The rats were anesthetized with pentobarbital and decapitated for brain removal. The

brain was minced and disrupted by placing it in ice-cold Hank’s balanced salt solution with

trypsin (Sigma, St. Louis, MO). Dulbecco’s Modified Eagle Medium (DMEM, Sigma) contain-

ing 10% fetal bovine serum (Corning, Woodland, CA), 10 mM L-glutamine (Sigma), 5% non-

essential amino acids (Sigma), and streptomycin/penicillin (Sigma) was added to inactivate the

trypsin. The debris was removed from the cells by sedimentation. The process was repeated,

discarding the first three extractions to reduce the presence of blood vessels/red blood cells.

The cells were pooled and seeded in 75 cm2 flasks with DMEM and incubated at 37˚C, 5%

CO2. Non-attached cells were removed after three days in culture. The culture media and con-

ditions were optimized for astrocytes and did not support neuron or microglia survival. The

purity of the culture was determined by microscopic analysis and the quantification of astro-

cytes after immunostaining for the astrocyte marker glial fibrillary acidic protein (GFAP) and

counterstaining the nuclei with 4’,6-diamidino-2-phenylindole (DAPI). Western blots on cell

culture lysates for the microglial marker Iba-1 indicated that no detectable microglia were

present in the astrocyte cultures.

CNS Nef expression causes peripheral pathologies
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Transient transfection of primary rat astrocytes

Primary rat astrocytes were transfected with a plasmid encoding green fluorescent protein

(GFP)-for the control group, or Nef for the experimental group (p96AM651 NIH AIDS Refer-

ence Research and Reagent Program, Cat. 8677, donated by Drs. Yingying Li, Feng Gao, and

Beatrice H. Hahn). Transfections were performed with a Pulser Xcell (Bio-Rad, Hercules, CA),

using 5 μg endotoxin-free DNA plasmid per 1.6 x 106 cells, and pulsed with 250 V for 35 ms.

After transfections, cells were resuspended in sterile artificial cerebrospinal fluid (ACSF) at a

final concentration of 100,000 cells per 0.5 μL of ACSF.

Unilateral hippocampal infusion of astrocytes

Thirty-day-old male Sprague Dawley rats were anesthetized by isoflurane inhalation. The skull

was exposed, and a hole was drilled in the right parietal bone of the cranium at the following

coordinates (using the bregma as reference): anterior-posterior: -0.28 mm; mid-lateral: -0.17

mm; and dorsoventral: -0.37 mm. Transfected astrocytes (100,000) were infused using an

injector (33 gauge) with a polyethylene tube (PE-20 from Small Parts, Inc., Logansport, IN)

connected to a syringe and mounted on an infusion pump (Harvard Apparatus). After infu-

sion, the skull hole was sealed with bone wax prior to surgical suturing; a triple antibiotic was

applied to the stitches to promote recovery.

Right hippocampal and left ventricle cannulation

For experimental groups treated with IL1-Ra, 30-day-old male Sprague Dawley rats were anes-

thetized by isoflurane inhalation. The skull was exposed, a hole drilled, and a cannula (Plastics

One #C315G-SPC, Roanoke, VA) inserted in the right parietal bone of the cranium at the fol-

lowing coordinates (using bregma as reference): anterior-posterior: -0.28 mm; mid-lateral:

-0.17 mm; and dorsoventral: -0.27 mm at a 0˚ angle to access the right hippocampus. A second

hole was drilled and a cannula inserted in the left parietal bone of the cranium at the following

coordinates: anterior-posterior: -0.28 mm; mid-lateral: +0.45 mm; and dorsoventral: -0.25 mm

at a 12˚ angle to access the left ventricle. Four surgical screws were placed in the cranium on

which to attach dental cement (Dentsply #675571, 675572, York, PA) and prevent the move-

ment of the cannulas and maintain the proper coordinates. The incisions were closed by surgi-

cal suturing, and a triple antibiotic plus pain reliever was applied to the stitches to minimize

discomfort and promote recovery.

Infusion of IL1-Ra or saline in the left ventricle and transfected astrocytes

in the right hippocampus

Five days after recovery, 5 μL of IL1-Ra (Sigma, 5 μg/mL) or saline (Baxter, Deerfield, IL) were

infused through the left cannula using an injector (33 gauge) with a polyethylene tube (PE-20

from Small Parts, Inc.) connected to a syringe and mounted on an infusion pump (Harvard

Apparatus). The IL1-Ra dose was based on the inhibition of IL-1-induced sickness syndrome

and adjusted for the weight of the animal [49]. The following day, a second, equal dose of

IL1-Ra was infused in the left cannula, and 100,000 transfected astrocytes were infused

through the right cannula.

Animal sacrifice

After two days of recovery, the animals were sacrificed with a pentobarbital overdose (1 mL of

65 mg/mL stock per kg) via intraperitoneal injection. When the rats showed no reflexes, the

tissues and membranes were cut to expose the heart. Blood was collected by cardiac puncture
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in the right ventricle. Transcardial perfusions with saline and formalin were done to preserve

the remaining tissues.

Intestinal tissue thickness assessment

The distal ileum tissue was measured with a digital caliper to assess changes in tissue thickness

immediately after the rats were sacrificed and before tissue fixation.

Hematoxylin and eosin staining

The brain, ileum, and lung tissue samples were all fixed in formalin and embedded in paraffin,

as previously described [50]. Standard hematoxylin and eosin (H&E, ThermoFisher, Waltham,

MA) staining was performed on formalin-fixed and paraffin-embedded tissue. The pathologist

examined stained tissues to assess the microscopic and morphologic changes. Peyer’s patch

diameter was assessed using a microscope equipped with a calibrated ocular scale. The pres-

ence and diameter of Peyer’s patches were analyzed in ileal tissue from four rats per treatment

group, for which a total of 33 (GFP) and 42 (Nef) Peyer’s patches were identified and mea-

sured. Eosinophils were quantified manually by assessing ten random villi per rat for the pres-

ence and number of this leukocyte.

Myeloperoxidase activity assay

Reagents were from Sigma Aldrich. Unfixed tissue from the distal ileum was dissected and

homogenized in potassium phosphate buffer with hexadecyltrimethylammonium bromide

and then centrifuged 10,000 rpm for two min. O-dianisidine dihydrochloride and hydrogen

peroxide buffer were added, followed by absorbance reading at 460 nm using a BioTek Synergy

HT (Bio Tek, Winooski, VT) multimode plate reader.

CD68, occludin, claudin-5, and CD68 immunofluorescence

Paraffin-embedded brain, ileum, or lung slices (4 μm) were mounted on positively charged

slides. The tissue was deparaffinized in xylol (VWR #89370–090,Radnor,PA) and rehydrated

in a descending CDA19 ethanol (Thermo Fisher) series, as previously described [50]. Epitope

retrieval varied by antibody: For CD68 staining, the slides were incubated with 0.01 M citrate-

EDTA (pH = 6.0) for 40 min at 95 to 99˚C and followed by 20 min at room temperature; occlu-

din staining was achieved by incubating the slides for 10 min at 37˚C with protease (Sigma P-

5147); and for claudin-5 staining, the slides were incubated with EDTA for 45 min at 95˚C.

The slides were incubated overnight in a humidified chamber at 4˚C with the primary anti-

body, mouse anti-CD68 (1:50; AbD Serotec, MCA-341R, Hercules, CA), rabbit anti-occludin

(1:100; Invitrogen, 71–1500, Carlsbad, CA), or mouse anti-claudin-5 (1:100; Invitrogen, 35–

2500), followed by incubation with Alexa Fluor 555 Goat Anti-Rabbit (Invitrogen, A-21428)

for occludin, Alexa Fluor 488 Goat Anti-Mouse (Invitrogen, A-11001) for claudin-5, and

Alexa Fluor 594 Goat Anti-Mouse (Invitrogen, A-11032) for CD68 for 30 minutes (1:100). A

control reaction was performed without the primary antibody. Tissues were covered with

mounting gel and a cover slide. All images were taken using an Olympus microscope and a

Nikon digital camera and NIS Elements software (Nikon, Minato, Japan). CD68+ cells were

quantified using three randomly selected high-power fields (HPFs, image taken at 40x magnifi-

cation) per rat. Images were taken by an experimenter blinded to treatment groups. CD68

staining was performed in ileum and lung tissues. Tissue florescence analyses were completed

using the cell-counter plug-in of the ImageJ software package (version 1.42, NIH, USA).
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Adjusted fluorescence for villus epithelium (AFVE)

AFVE from the epithelium of 10 intestinal villi per rat was quantified using ImageJ software.

Fluorescence was measured for seven rats per group using a method adapted to allow for mea-

surement of villi [51]. Integrated fluorescence signals were measured for the entire villus (V)

and the villus core (VC); signal for villus epithelium (VE) was calculated by the formula:

VE = V–VC. Adjusted fluorescence for villus epithelium (AFVE) was computed by subtracting

the background signal from VE, which was then divided by the area of the villus epithelium, to

adjust for villus size.

Ussing chamber assay

Segments of fresh, live ileum were pinned out flat in oxygenated Krebs solution, mucosal side

down, in a seven-inch Petri dish coated with SYLGARD (Dow Corning, Midland, MI). The

mucosa and submucosa were separated from the outer muscle layers by sharp dissection [52,

53]. The ileum, with the epithelium free of muscularis propria, was mounted between two

halves of an Ussing transport chamber that were bathed in warmed, oxygenated Krebs solu-

tion. Following a 15-minute equilibration period, the transepithelial potential difference was

monitored using a pair of agar-salt bridges connected to a voltage/current clamp (World Preci-

sion Instruments, Sarasota, Fl). Transport of ions in any direction of the tissue will produce a

voltage difference. This voltage is cancelled out by injecting current. Therefore, the measure of

net ion transport will be measure by this short-circuit current (Isc). A pair of current-passing

electrodes allowed the determination of basal Isc. At one-minute intervals, the current

required to alter the clamping potential was determined, and the tissue resistance was calcu-

lated using Ohm’s law. Tissue viability was assessed by the serosal application of acetylcholine

(10−8–10−2 M) with the continual measurement of Isc, which is the charge flow of ions per

unit time when the tissue is short-circuited [54]. This approach provided an estimate of the

secretory capacity of the tissue. Changes in Isc were used as a measure of net electrogenic ion

transport.

Evans blue assay

Following two days of recovery, 4% Evans blue (EB) dye (Sigma) was injected (400μL/100g)

into the tail veins of 10 rats from each group. After two hours, the rats were euthanized with a

pentobarbital overdose (1 mL of 65 mg/mL stock per kg). When reflexes were lost, the rats

were exsanguinated by transcardial perfusion with 300 mL of saline. The brains and lungs

were collected and immersed in formamide (10 mL/g) at 60˚C for 48 hours to remove the dye.

The absorbance of the supernatant was read using a BioTek Synergy HT multimode plate

reader. The EB concentration was calculated by a standard curve that was made using serial

dilutions of EB in formamide [55].

IL-1β ELISA assay

Serum was isolated from blood samples that were collected via a right ventricular puncture

during sacrifice. After the collection, the blood was incubated at room temperature for 30 min

to allow coagulation. The blood was centrifuged at 10,000 rpm for 10 min to separate the

serum from clotted cells. Serum was collected and stored in tubes at -20˚C. To assess the levels

of pro-inflammatory cytokines in the blood, IL-1β levels were quantified in serum using

ELISA (ThermoFisher, cat. ER2IL1B), following the protocol provided by the manufacturer.

Samples were run in duplicate. The absorbance was measured using a BioTek Synergy HT
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multimode plate reader. The IL-1β concentrations were calculated by the interpolated of

obtained values on a standard curve.

Statistical analysis

All statistical analyses were performed using GraphPad Prism, version 8.0 (GraphPad Soft-

ware, La Jolla, CA). No data were excluded from the analysis any missing data from the ani-

mals were solely due to technical reason. Student’s t-test was performed to determine

differences between the Nef-treated group and the GFP-treated group (control). One-way

ANOVA (followed by Holm–Sidak’s multiple comparisons test) was used to determine the dif-

ference between naïve, Nef + placebo, and Nef + IL1-Ra. P values equal to or less than 0.05

were considered significant.

Results

Nef expression in the rat hippocampus increased blood-brain-barrier

disruption and serum levels of IL-1β
Our previous studies demonstrated that the infusion of Nef-expressing astrocytes into the rat

hippocampus increased macrophage infiltration at the infusion site compared to what was

observed in rats infused with GFP-expressing control astrocytes [43]. Taking into consideration

that brain inflammation may induce disruption of the BBB [56, 57], we compared BBB perme-

ability in Nef- and GFP-treated rats by measuring EB extravasation into brain tissue. Nef-

treated rats showed significantly increased BBB permeability compared to this in the control

group (Fig 1A). BBB integrity disruption was confirmed in Nef animals by immunofluorescence

of the tight junction protein claudin-5, which showed a decrease in expression (Fig 1B). Since,

Nef has been previously characterized to induce brain inflammation [43] and our current find-

ings of a BBB disruption, we looked at the possibility that the inflammation was systemic. In

AIDS patients, serum IL-1β levels correlate with the progression and severity of the disease [58].

To find out whether brain Nef expression increases circulating pro-inflammatory cytokines, we

quantified (using ELISA) IL-1β levels in Nef- and GFP-treated rat serum. Compared with their

GFP-treated counterparts, Nef-treated rats had significantly elevated serum IL-1β levels (Fig 2).

Collectively these results show Nef expression in astrocytes alters endothelial cell tight junctions,

barrier function and signs of peripheral inflammation in serum.

Hippocampal HIV-1 Nef expression causes morphological changes in the

ileum

As previously mentioned, upon sacrificing the rats comprising the study population in our

prior study [43], we observed an altered appearance in the intestines of those receiving a hip-

pocampal infusion of Nef expressing astrocytes. To better characterize these changes, we

examined the gross and microscopic morphology of the distal ileum in rats with hippocampal

HIV-1 Nef or GFP expression. In the Nef group, ileal tissue was ~50% thinner (Fig 3A) and

had a friable consistency with a tenacious and increased mucus layer in the bowel mucosa and

lumen. H&E staining of paraffin-embedded ileal tissue showed structural villi and muscle

layer changes between the Nef- and GFP-treated animals. Microscopic measurements showed

that the ileal villi area from the Nef rats was significantly reduced compared to that of the GFP

rats (Fig 3B). Ileal tissue in Nef-treated present massive reactive follicular lymphoid hyperpla-

sia found mainly in the mucosal layer and extending to the surface epithelium was observed in

Nef animals (Fig 3C). Furthermore, we observed a significant increase in diameters of Peyer’s

patches in the Nef-treated when compare to the GFP-treated animals (Fig 3D).
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Inflammatory parameters are increased in the ileum of rats with

hippocampal HIV-1 Nef expression

We next examined several GI inflammatory parameters in rats undergoing infusion of Nef- or

GFP-expressing astrocytes into the hippocampus. To determine if Nef expression in a rat

brain induced inflammation in the ileum, we measured activity of ileal tissue myeloperoxidase

(MPO) as an indirect measure of neutrophil and myeloid cell infiltration. Ileal tissue from Nef

rats had 2.5-fold greater expression of MPO than did our control group (Fig 4A; p = 0.023).

We also quantified infiltration of eosinophil into the lamina propria of H&E-stained ileal tissue

and found that Nef-treated rats had greater than threefold (p = 0.005) increased eosinophil

infiltration when compared to the GFP-treated rats (Fig 4B). Macrophage infiltration in the

ileal lamina propria was quantified in Nef- and GFP-treated rats using immunofluorescent

staining for the macrophage marker CD68 and were found to be significantly increased (four-

fold) in Nef-treated rats compared to their GFP-treated counterparts (Fig 4C and 4D).

Hippocampal HIV-1 Nef expression alters intestinal barrier function in the

ileum

Increased pro-inflammatory cytokine levels in blood and intestinal inflammation are associ-

ated with physiological changes in the GI tract [59, 60]. Therefore, we looked for changes in GI

permeability. To assess changes in secretion, we measured epithelial ion transport by

Fig 1. Nef expression in the rat hippocampus disrupts blood-brain-barrier integrity. (A) BBB permeability was

assessed by injecting EB dye into the tail vein and measuring dye extravasation into the brain tissue. Nef-treated rats

showed increased BBB permeability compared to GFP-treated rats. Two whole representative brains for GFP and Nef-

treated rats were shown; the infusion was notable in the right hemisphere with increased staining in the Nef group. (B)

Immunofluorescence of the tight junction protein claudin-5 (green) and nuclei (blue) confirmed BBB disruption (red

arrows) in Nef rats. N = 9 to 10 rats per group. Scale bars indicate 15 μm. Student’s t-test was performed to determine

differences between the Nef-treated group and the GFP-treated group (control). Error bars represent the means ± S.E.

M.

https://doi.org/10.1371/journal.pone.0225760.g001
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mounting ileal tissue, free from muscularis propria, in Ussing chambers. Changes in ion trans-

port induced by increasing acetylcholine (ACh) concentrations were recorded using a voltme-

ter. The ileal tissue from Nef animals showed a trend of increased levels of ion transport starting

at 0.1 mM acetylcholine that reached significance at 10 mM (Fig 5A), showing that Nef-treated

rats had increased ileal secretion. Given that GI barrier permeability is controlled by tight

Fig 2. Nef expression in the rat hippocampus increases IL-1β levels in blood. Analysis of IL-1β levels in serum by

quantitative ELISA showed that Nef-treated rats had significantly increased levels compared to those treated with GFP.

N = 9 rats per group. Student’s t-test was performed to determine differences between the Nef-treated group and the

GFP-treated group (control). Error bars represent the means ± S.E.M.

https://doi.org/10.1371/journal.pone.0225760.g002

Fig 3. Hippocampal HIV-1 Nef expression decreases ileal tissue thickness and villi area and induces highly

reactive follicular hyperplasia. (A) Measurements of intestinal thickness with a caliper showed that ileal tissue from

Nef-treated rats was significantly thinner than that of the GFP-treated rats. (B) Analysis of the villi area showed that

the intestinal villi from HIV-1 Nef-treated rats were significantly smaller compared to those of the GFP-treated rats.

(C) H&E staining of the ileum showed lymphoid hyperplasia (expansion of Peyer’s patches, red arrow) in Nef-treated

animals in comparison to normal Peyer’s patches in controls. Scale bars indicate 0.5 mm. (D) The microscopic

diameters of the Peyer’s patches (PPs) show that PPs from Nef-treated rats are significantly increased compared to

those in the GFP-treated rats, confirming that HIV-1 Nef expression in the hippocampus induces highly reactive

follicular hyperplasia in the intestines. N = 4 to 9 rats per group. Student’s t-test was performed to determine

differences between the Nef-treated group and the GFP-treated group (control). Error bars indicate means ± S.E.M.

https://doi.org/10.1371/journal.pone.0225760.g003
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junction proteins [61], we measured the tight junction protein occludin in the ileum by immu-

nofluorescence intensity using ImageJ (Fig 5B). The AFVE from the ileal tissue of Nef animals

was significantly decreased to about two-thirds of the staining of controls (Fig 5C), indicating

that Nef-treated rats had less tight junctions and increased ileal barrier permeability.

Hippocampal infusion of Nef-expressing astrocytes induces inflammation

and increases permeability in the lung

The changes we observed in the brain [43] and ileum led us to examine effects on other organs

by the infusion of Nef-expressing astrocytes into the hippocampus. We chose to examine the

lung because of the crosstalk that has been reported to exist between pulmonary tissue, the gut

[46, 47], and the brain [44, 45]. H&E staining showed that lung tissue from the Nef animals, but

not from the GFP animals, had interstitial pneumonitis, characterized by marked lymphocyte,

neutrophil (large, purple nucleus) and eosinophil (bright red cells) infiltration within the inter-

stitium of the lung (Fig 6A). Immunofluorescent staining for CD68 revealed a significant

increase in the prevalence of macrophages in the lung interstitium of Nef-treated rats in com-

parison to GFP-treated rats (Fig 6B and 6C). Claudin-5 expression was shown to be decreased

in Nef animals, as determined by immunofluorescence (Fig 6D). In agreement with the findings

mentioned above, increased extravasation of EB in the lung tissue of Nef-treated rats (Fig 6E)

indicated enhanced vascular permeability in these rats when compared to GFP controls.

Fig 4. Hippocampal HIV-1 Nef expression induces intestinal inflammation. (A) An MPO activity assay was

employed to assess myeloid infiltration into the ileal area. Nef-treated rats showed increased MPO levels in the ileum

compared to the GFP-treated rats. (B) Eosinophils counted from H&E-stained ileal tissue (10 villi per rat) showed that

infiltration was significantly increased in the HIV-1 Nef-treated rats. (C) Immunofluorescence for the macrophage

marker CD68 (red) was assessed to determine the levels of macrophage infiltration between the groups while nuclei of

the cell are represented (in blue). (D) Macrophages were quantified in three 40x HPFs per rat. N = 3 to 7 rats per

group. Student’s t-test was performed to determine statistical difference between the Nef-treated group and the GFP-

treated group (control). Scale bars indicate 50 μm. Error bars indicate means ± S.E.M.

https://doi.org/10.1371/journal.pone.0225760.g004
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Thus, through a series of biochemical and functional experiments, we show that Nef expres-

sion by astrocytes generates inflammation and tissue pathology outside the brain. Specifically,

ileal tissue has an expansion of lymphoid tissue, macrophage migration, loss of villus architec-

ture, reduced junction protein expression and excessive secretory function. Lungs similarly are

characterized by tissue changes reflecting inflammation, including interstitial pneumonitis, an

influx of macrophage and eosinophils, and disrupted occludin protein and barrier function.

Intracerebral ventricular infusion of IL-1β receptor antagonist prevents

blood-brain-barrier disruption induced by Nef expression in the rat

hippocampus

Since we found a highly elevated levels of IL-1β and inflammation, we wanted to test the effi-

cacy of blocking IL-1β to reduce the pathology observed in the brains, ileum, and lungs of our

Fig 5. Nef expression in rat hippocampus increases intestinal ion transport and downregulates the tight junction

protein occludin. (A) Ion transport was measured by mounting ileal tissue in Ussing chambers and recording changes

in ion transport to different acetylcholine (ACh) concentrations applied to the serosal side. (B) Immunofluorescence of

the tight junction protein occluding (in green) was assessed to determine intestinal barrier changes between the

groups. (C) Analysis of the AFVE showed that ileal tissue from Nef-treated rats had significantly decreased occludin

levels when compared to the GFP-treated rats. N = 7 to 9 rats per group. Scale bars indicate 25 μm. Student’s t-test was

performed to determine differences between the Nef-treated group and the GFP-treated group (control). Data are

expressed as means ± S.E.M.

https://doi.org/10.1371/journal.pone.0225760.g005
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experimental animals. As Nef can induce inflammation that may alter BBB integrity, we

infused IL1-Ra intracerebroventricularly to prevent the binding of IL-1β to its receptor.

Immunofluorescence analysis of claudin-5 showed that IL1-Ra prevented the disruption of

BBB tight junctions, with more uniform claudin-5 expression in the brains of Nef-IL1-Ra rats

compared to those of Nef-placebo rats (Fig 7A). Quantitative analysis of the BBB protein clau-

din-5 demonstrated that Nef treatment alone decreased claudin-5 immunostaining, while Nef

plus the IL1-Ra restored claudin-5 immunostaining to levels similar to those of the naive con-

trol (Fig 7B) in both hemispheres. These findings suggest that IL-1β could be mediating the

inflammation caused by Nef in the different organs.

Intracerebral ventricular infusion of IL1 receptor antagonist blocks

systemic inflammatory response to hippocampal Nef expression

As anti-inflammatory treatment has been shown to reduce the peripheral response to injury in

the CNS, we observed the prevention of most of the peripheral tissue inflammation caused by

Nef in animals that were co-administered IL-1Ra. Fig 8 shows that ileum and lung tissue both

show normal morphology in Nef-treated rats that also received an intracerebral ventricular

infusion of IL1-Ra before and during treatment with Nef-transfected astrocytes. The ileal of

Nef-treated animals that were intracerebroventricularly co-administered saline showed mus-

cle-layer thinning and enlarged Peyer’s patches (Fig 8A), akin to what was observed when Nef,

alone, was in place (Fig 3C). When Nef-treated rats also received IL-1Ra, the tissue’s

Fig 6. Nef expression in the rat hippocampus induces interstitial pneumonitis and increases macrophage

infiltration and vascular permeability in the lung. (A) H&E staining showed that the lungs from GFP-treated rats

appear normal, while the lungs from Nef-treated rats showed marked infiltration of immune cell and interstitial

thickening. (B) Immunofluorescence for the macrophage marker CD68 in (red) while nuclei of the cells is represented

in (blue) was assessed to compare macrophage infiltration between the groups. (C) Macrophages were quantified in

three HPFs per rat. (D) Immunofluorescence of the tight junction protein claudin-5 in (green) while nuclei of the cells

is represented in (blue) was assessed to determine tight junction alterations in the lungs. Nef-treated rats showed

alterations in claudin-5 expression that were characterized by diffuse and dimmed staining compared to what was

observed in the GFP-treated rats. (E) Changes in lung permeability were determined by measuring EB extravasation,

which confirmed that Nef-treated rats had increased lung permeability compared to our control group. N = 4 to 6 rats

per group. Scale bars indicate 25 μm. Student’s t-test was performed to determine differences between the Nef-treated

group and the GFP-treated group (control). Data are expressed as means ± S.E.M.

https://doi.org/10.1371/journal.pone.0225760.g006
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appearance reverted to normal, and overall tissue thickness was increased significantly and

near normal (Fig 8B); however, MPO levels remained elevated. Lung tissue histology also

showed substantial improvement in IL1-Ra–treated rats (Fig 8D), with reduced thickening of

the interstitium and decreased lymphocyte, eosinophil, and neutrophil infiltration.

Discussion

Nef is an early HIV-1 protein that is expressed by latently infected cells, including astrocytes

[62, 63]. Nef is highly neurotoxic and alone is sufficient to produce oxidative stress, axon/neur-

ite degeneration, and lost neurotransmission, in vitro, as well as damage to the BBB [27, 64–

67]. Prior work with this model and others has shown that HIV-1 Nef alone caused neurocog-

nitive defects in rats [43, 68] and suggests a link with neurological disease in humans [69, 70].

Nef-treated rats exhibit macroscopic changes of the ileum and lung, which we aimed to define

and characterize microscopically and physiologically in the present study. Herein we report

that the infusion of Nef-expressing astrocytes into the rat hippocampus caused alterations

within the brain—likely leading to neurocognitive deficits—and at several sites outside of the

brain, including the ileum and lungs. Treatment with Nef caused pronounced morphological

and inflammatory alterations in the ileum and compromised the integrity of this organ’s

mucosal barrier. Ileal tissue from Nef-treated rats was thinner and demonstrated larger Peyer’s

patches and smaller intestinal villi than did such tissue from the controls. The rats in the sam-

ple had augmented MPO activity, increased lymphocyte, eosinophil and macrophage infiltra-

tion, enhanced ion secretion in response to acetylcholine titration, and decreased epithelial

expression of the tight junction protein occludin. The lungs of the Nef-treated rats revealed the

infiltration of inflammatory cells which included lymphocytes, neutrophils, eosinophils, and

macrophages within the interstitial spaces. Lungs demonstrated increased vascular permeabil-

ity by EB and reduced occludin staining, reflecting these inflammatory changes. In addition to

the previously described cognitive impairment and inflammatory changes in the brain [43],

we observed an increase in BBB permeability, as evidenced by enhanced EB extravasation and

Fig 7. Intracerebral ventricular infusion of IL-1β receptor antagonist prevents blood-brain-barrier disruption

induced by Nef expression in the rat hippocampus. (A) Immunofluorescence of claudin-5: the green represents the

tight junction claudin-5, while the blue represents the nucleus of the cells. The results showed IL-1ra partially inhibits

BBB disruption caused Nef. (B) Quantitative analysis of BBB tight junction claudin-5 showed that Nef decreased (by

twofold) the expression of the tight junction compared to Nef with the IL-1β receptor antagonist in both hemispheres.

N = 4 to 6 rats per group. One-way ANOVA (followed by Holm–Sidak’s multiple comparisons test) was used to

determine the difference between naïve, Nef + placebo, and Nef + IL1-Ra. Data are expressed as means ± S.E.M.

https://doi.org/10.1371/journal.pone.0225760.g007
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decreased claudin-5 expression on vascular endothelial cells, in Nef-treated rats, compared to

GFP-treated controls. Infusing astrocytes expressing HIV-1 Nef into the rat hippocampus

increased the serum levels of IL-1β, thus providing evidence of the peripheral effects of infused

Nef-expressing astrocytes. Finally, intracerebroventricular application of an IL-1 receptor

antagonist was effective in partially restoring normal claudin-5 staining in the brain, GI and

lung tissue morphology, but did not eliminate all tissue inflammation as demonstrated by con-

tinued elevation of ileal MPO activity.

Understanding the effects of Nef produced in the brain on peripheral organs is significant

for the insight it provides on the role this protein plays in cART-treated HIV-1 infection and

ensuing disease. Nef is expressed in different regions of the brain (e.g., prefrontal cortex, hip-

pocampus) and by different cells (e.g., microglia, endothelial cells, astrocytes) with greater

infection of astrocytes in cases of neuropathology [71]. Specifically, Nef RNA sequences and

protein have been identified in hippocampal astrocytes in the post-mortem brain tissues of

HIV patients [72–74] which is why we have used astrocytes to produce Nef in these studies.

Research shows that Nef is neurotoxic [75–77]. In the lungs, HIV-1 Nef causes endothelial cell

dysfunction and pulmonary hypertension [78–80]. Nef disrupts normal function of the intesti-

nal mucosa [81].

Fig 8. IL1ra administered intracerebroventricularly in rats expressing hippocampal Nef inhibits the development

of ilium structural changes, tissue thickening, and lung interstitial pneumonitis. (A) H&E staining of ileal tissue

(40X) showed that IL1ra treatment inhibits the shortening of the villi and the widening of the lamina propria. (B)

Measurements of ileal tissue thickness showed that Nef-IL1ra rats had significantly increased thickness compared to

the Nef-placebo rats. (C) Quantification of ileal MPO did not show inflammation differences between treatments. (D)

H&E staining from lungs showed that intracerebral ventricular infusion treatment with IL1ra prevented the thickening

of the interstitium and recruitment of eosinophils and neutrophils.

https://doi.org/10.1371/journal.pone.0225760.g008
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Our findings suggest a role for HIV-1 Nef expressed by astrocytes in disease processes that

affect the GI tracts of HIV-infected patients. HIV infection leads to the recruitment of T-cells

and other leukocytes to the gut-associated lymphoid tissue (GALT), where CCR5+CD4+ T-

cells and the GALT are depleted rapidly [82–84]. In contrast to the GALT reduction observed

in HIV and SIV infection, our Nef-treated rats experienced pronounced GALT expansion,

demonstrated by the increase in size and number of Peyer’s patches. HIV-1 Nef has been

reported to activate macrophages and to stimulate their migration to the gut [85, 86]. Nef can

decrease the migratory potential of T-cells [87–89]. Therefore, once uninfected T-cells have

been recruited to the lamina propria, Nef can potentially trap these T-cells in the gut, facilitat-

ing their infection with the virus. HIV-1 Nef could also be a factor that drives HIV enteropathy

[81], which is characterized by chronic malabsorption, malnutrition, and diarrhea secondary

to intestinal damage and inflammation [90, 91]. In our model, the expression of Nef, alone,

albeit in astrocytes in the hippocampus, caused villous atrophy and inflammatory cell infiltra-

tion, enhanced epithelial secretion, and compromised barrier integrity, all of which could con-

tribute to the development of diarrhea.

Our model shows that Nef can enhance the secretion of IL-1β suggesting a role in the

pathology induced by the Nef protein. Therefore, to test for such a role, we antagonized its

action by administering the recombinant form of the IL-1β receptor antagonist. Our results

demonstrated the restoration of BBB integrity in the brain. Peripheral tissues showed healthy

ileal architecture, decreased neutrophil infiltration in the ileum, and reduced infiltration of

eosinophils and neutrophils in the lungs. These results suggested that IL-1β plays role in medi-

ating peripheral inflammation.

Although, we have observed several peripheral effects resulting from the infusion of Nef-

expressing astrocytes into the hippocampus, the underlying mechanisms responsible for these

changes remain unknown. Our findings suggest that inflammatory mediators, such as IL-1β,

are important in linking the neurotoxic effects of Nef to changes in peripheral tissues. Nef can

activate macrophages promoting the secretion of proinflammatory cytokines [85], which can

spread across the brain and induce inflammatory processes distant from where they were

secreted [92]. IL-1β can alter tight junction proteins and provoke BBB disruption, which may

promote the entry of immune cells and pathogenic microbes into the brain [93, 94] as well as

leak proinflammatory cytokines from the brain into the circulatory system. Astrocytes express-

ing Nef and activating microglia/macrophages are known to secrete IL-1β. Interestingly, in

traumatic brain injury (TBI) which shares some pathological sequalae to our model, IL-1β is

also upregulated in the brain as early as three hours after injury [35]. TBI patients may also

present BBB disruption, systemic inflammation, pneumonia, increased intestinal secretion,

blunting, and architectural changes of intestinal villi [35, 40, 44]. Similarly, neuroinflammation

induced by Nef may be involved in BBB integrity alterations and permeability, systemic

inflammation, and peripheral pathologies.

The contribution of astrocytes in early HIV infection is yet to be clearly identified in com-

parison to cells such as macrophages and microglia which are universally held as a major site

of HIV infection and replication in the brain. Indeed, the infection of astrocytes remains con-

troversial (discussed in refs [6, 95, 96]) as the nature of entry is unclear due to the lack of cell

surface CD4 receptor expression [97, 98]; entry of the virus could occur via endocytosis[99].

Astrocytes are also reported to trap viral proteins secreted by microglia [95]. Astrocyte infec-

tion results in a latent, non-productive infection characterized by early, non-structural protein

production [12, 100]. Studies demonstrate Nef and Tat expression in patients with HAND

[101–103]. Our findings in a rat model have clear limitations in translation to human HIV

infection. Still, the present study demonstrates that astrocytes with productive expression of

the Nef protein could contribute to both local and systemic inflammatory processes.
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In conclusion, our work demonstrated that Nef expression is neurotoxic, neuroinflamma-

tory, and supports our findings relevant to learning impairment [43]. We found increased IL-

1β levels present with reduced junction protein expression in brain, ileum, and lung, which is

consistent with existing literature. We reported evidence of functional disruption in barriers in

each of these tissues by EB permeability, as well as tissue inflammation in ileum and lung by

infiltration of innate immune cells and tissue disruption. Ileal tissues showed elevated secre-

tory responses to acetylcholine stimulation as a consequence of inflammation driven by Nef

expression from astrocytes. Many of these findings were reversed or reduced in severity by

application of IL1ra in brain, suggesting IL-1 β helps in mediating the effects of Nef. These

findings highlight the impact of viral protein expression, which is not a specific target of cur-

rent antiretroviral medications, as a contributing factor to the multi-pathology that affects

HIV-positive patients and argue for early viral protein expression from latent virus as a thera-

peutic target.
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