
Allen et al., Sci. Adv. 8, eabo2954 (2022)     28 September 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 11

B I O C H E M I S T R Y

In vivo peptide-based delivery of a gene-modifying 
enzyme into cells of the central nervous system
Jason K. Allen1, Theresa C. Sutherland2, Austin R. Prater1, 
Cédric G. Geoffroy2*, Jean-Philippe Pellois1*

We report on the successful delivery of the Cre recombinase enzyme in the neural cells of mice in vivo by simple 
coinjection with peptides derived from HIV-TAT. Cre delivery activates the expression of a reporter gene in both 
neurons and astrocytes of the cortex without tissue damage and with a transduction efficiency that parallels or 
exceeds that of a commonly used adeno-associated virus. Our data indicate that the delivery peptides mediate 
efficient endosomal leakage and cytosolic escape in cells that have endocytosed Cre. The peptides, therefore, act 
in trans and do not require conjugation to the payload, greatly simplifying sample preparation. Moreover, the 
delivery peptides are exclusively composed of natural amino acids and are consequently readily degradable and 
processed by cells. We envision that this approach will be beneficial to applications that require the transient in-
troduction of proteins into cells in vivo.

INTRODUCTION
Understanding the physiology of the central nervous system, partic-
ularly the brain, is one of the current and most pressing challenges 
in medicine. This is exemplified by The Brain Initiative, a large-
scale effort that aims at accelerating discoveries in neuroscience 
(https://braininitiative.nih.gov/). Probing how cells interact in both 
time and space, in health or disease, and in the context of neural 
networks is complex. In turn, it requires new research tools that 
allow the intracellular delivery of probes that can report on cells. 
Intracranial stereotactic injections of viruses, adeno-associated 
viruses (AAVs) in particular, are often used in studies that aim at 
manipulating and understanding cells of the central nervous system 
(CNS) in vivo (1–4). Genes transferred by these viruses may code 
for fluorescent reporters or genome editing tools, enabling the moni-
toring and modulation of cell processes. Despite their widespread 
use, AAVs have several limitations, including a relatively low pack-
ing capacity, a slow onset of transgene expression, low transduction 
efficiency in some pseudotypes, potential integration in the host 
genome, and induction of neuroinflammatory responses (5–8). 
Moreover, the sustained expression of transferred genes can be ben-
eficial for certain applications but problematic for others. This is the 
case in gene-editing experiments, where the persistent presence 
of gene-editing machinery in cells can lead to off-target genome 
modifications (9–11). Conversely, the expression of some proteins 
of interest, such as transcription factors, often needs to be transient 
and temporally controlled (12–16). In principle, the direct delivery 
of proteins could circumvent some of these issues. In particular, 
proteins can initiate intracellular activities without transcription/
translation delays. Proteins also have limited half-lives inside cells, 
thereby avoiding long-term effects (17, 18). A major limitation to 
using proteins as intracellular delivery payloads is the current lack 
of technologies that can introduce these macromolecules into the 
cytosol of cells with both high efficiency and low toxicity (19–21). 
Still, many delivery agents are capable of promoting the endocytic 

uptake of proteins into cells, yet protein payloads often remain 
trapped inside endosomes (22–25). These protein payloads are 
therefore unable to reach cytosolic or nuclear targets, and hence, 
they are unable to induce desired biological activities. To address 
this problem, we have developed peptides that selectively permeabi-
lize the membrane of late endosomes. These peptides include 
dfTAT, a dimer of the cell-penetrating peptide (CPP) TAT (26). 
When externally administered to cells, dfTAT and protein payloads 
both accumulate into endosomal compartments. They then traffic 
together to late endosomes where dfTAT mediates membrane per-
meabilization and allows the escape of the protein payload into the 
cytosol (27). Notably, dfTAT is used without being conjugated or 
bound to a payload. Cytosolic delivery succeeds as long as both 
molecules are endocytosed by cells and reach the same endosome. 
This approach is a clear shift from strategies where carrier systems 
encapsulate a payload and carry it into cells (e.g., liposomes and 
nanoparticles). The uncoupling of the delivery agent and the pay-
load, in turn, provides major benefits that include simple sample 
preparation, control over the amount of payload delivered, and de-
livery of chemically and functionally unaltered protein payloads (26). 
While useful in the context of in vitro cell cultures, it is unclear whether 
such a strategy can work in vivo, as delivery agent and payload may 
diffuse away from one another in a tissue and reach different cells 
separately. In addition, a major difference between in vitro tissue 
culture and in vivo applications is the time in which cells are ex-
posed to delivery agents and payloads. In tissue culture, the concen-
tration of delivery agent and cargo is relatively constant, whereas 
in vivo, these concentrations are likely changing because of inherent 
pharmacokinetic properties. It can be expected that this difference 
would have a major impact on delivery and toxicity. Considering these 
critical differences between in vitro and in vivo approaches, our goal 
in this study was to test this CPP platform in the context of a stereo-
tactic intracranial injection and establish the feasibility of an in vivo 
protein delivery approach as effective as AAV transduction. We en-
vision that this technology will have immediate impact by allowing the 
use of protein-based tools and probes for the manipulation and study 
of tissue physiology in vivo. Future work will determine the poten-
tial impact of this method as a therapeutic application, as it presents 
several advantages over viral and state-of-the art payload delivery.
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RESULTS
One of the benefits of protein delivery is their rapid intracellular 
action followed by their intracellular clearance and the absence of 
prolonged deleterious effects. In this context, it seems appropriate 
to use a delivery tool that would also degrade quickly once inside cells 
and leave little to no residue. In this regard, dfTAT is a peptide that 
degrades quickly during and after cell penetration (fig. S1). Originally, 
dfTAT contained two copies of carboxytetramethylrhodamine (TMR), 
a fluorophore that allowed microscopy visualization of the cell pen-
etration process and mechanistic studies. However, the presence of 
TMR unnecessarily uses a fluorescence channel for microscopy 
applications in general. Moreover, fluorescent puncta, presumably 
from fragments degraded during endosomal transit and after cyto-
solic access, persist in and out of cells after delivery (fig. S1). We 
were concerned that this accumulation of fluorescent material may 
result in cellular artifacts in the context of in  vivo injections. To 
avoid this potential problem, we aimed to develop dfTAT analogs 
that would not contain material foreign to cells and instead decom-
pose into natural amino acids. However, initial testing established 
that simply removing TMR from dfTAT yields a relatively ineffec-
tive delivery agent (fig. S2). Given that hydrophobic moieties often 
modulate the activity of membrane active peptides (28–31), we hy-
pothesized that the relative hydrophobicity of TMR may contribute 
to the endosomal membrane disruption activity of dfTAT. We syn-
thesized a small library of analogs with the general structure of d(X)
TAT where “X” is hydrophobic residues (Fig. 1A). “X” also includes 
short hydrophobic peptide sequences—the peptide accelerating se-
quence Pas (amino acid sequence: FFLIP) and a peptide derived from 
the capsid protein L2 of human papillomavirus type 33 (amino acid 
sequence: YFIL)—previously identified to enhance the cell penetra-
tion of CPPs (29, 30). To assess the delivery activity of these peptides 
(which are not directly visible by fluorescence microscopy like 
dfTAT), TMR-k5 was used as a model payload coincubated with 
d(X)TAT (to prevent proteolytic degradation of the peptide in 
cells, k5 is synthesized with d-lysine residues, as denoted by lower-
case lettering). TMR-k5 is readily endocytosed by cells but lacks 
endosomal escape activity on its own (fig. S3). However, when de-
livered into the cytosol of cells, TMR-k5 distributes throughout the 
cytoplasm, reaches the nucleus, and stains nucleoli (Fig. 1B and fig. 
S4) (27, 32, 33). With this distinctive feature confirming intracellu-
lar access, the number of cells displaying fluorescent nucleoli in the 
presence of d(X)TAT reagents was counted (fig. S5). In turn, the per-
centage of cells with TMR-k5–stained nuclei was used as a proxy to 
measure the relative delivery efficiency of each d(X)TAT peptide (the 
detection of TMR-k5 itself being dependent on the detection threshold 
of the microscope used and the TMR-k5 concentration used during 
incubation). A SYTOX exclusion assay was used to assess peptide 
toxicity and to exclude dead cells from delivery quantification. Sev-
eral peptides [d(X)TAT, X = Y, F, and W] remained less active overall 
than dfTAT (Fig. 1C). In contrast, d(LL)TAT, which contains two 
consecutive leucine residues, recapitulated the delivery activity of 
dfTAT (Fig. 1D). Last, several peptides (X = WW, FFLIP, and YFIL) 
were overall more active than dfTAT, achieving nuclear/nucleolar 
delivery of the TMR-k5 payload in a higher percentage of cells at 
extracellular concentrations of d(X)TAT 5- to 10-fold lower than 
those required for dfTAT (Fig.  1E). As previously shown with 
dfTAT (26), the d(X)TAT peptides lose activity when in their mo-
nomeric form (fig. S6). This shows that, from a structure-activity 
point of view, both position “X” and dimerization modulate the delivery 

activity of the peptides. Notably, d(X)TAT peptides showed little cyto-
toxicity at concentrations where cytosolic delivery is achieved in a 
high percentage of cells (fig. S7). The peptides d(LL)TAT and d(WW)
TAT were chosen for subsequent studies as representative members 
of d(X)TAT peptides with moderate to high delivery activities.

We first tested d(LL)TAT and d(WW)TAT in the context of 
protein payload delivery in vitro. We have previously reported 
that dfTAT achieves the endosomal release and cytosolic delivery of 
various proteins without requiring conjugation to or complexation 
with the payload itself (26). To test whether the new analogs d(LL)
TAT and d(WW)TAT retain the same features, a fluorescently 
labeled histone [Alexa Fluor 488 (AF488)–H1] was selected as a 
model payload. Successful delivery of AF488-H1 was assessed by 
visualizing the nuclear accumulation of the protein by fluorescence 
microscopy (Fig. 2A). Incubation of Neuro2a cells with AF488-H1 
alone leads to a punctate distribution consistent with endosomal 
entrapment, as demonstrated by colocalization with late endosome/
lysosome markers (Fig.  2A and S8). In contrast, coincubation 
with d(LL)TAT leads to the nuclear accumulation of AF488-H1 
with approximately two-thirds of the AF488-H1 fluorescence signal 
being nuclear while one-third remains endosomal. Incubation with 
AF488-H1 followed by incubation with d(LL)TAT also yields nu-
clear staining by AF488-H1. However, the portion of signal remain-
ing trapped in endosomes is higher compared to the coincubation 
condition [similar results were obtained with d(WW)TAT; figs. S8 
and S9]. Notably, the amount of AF488-H1 associated with cells is 
not increased by the presence of d(LL)TAT (as monitored by flow 
cytometry; Fig. 2A). Moreover, the nuclear fluorescent signal was 
confirmed to originate from intact AF488-H1, and AF488-H1 was 
estimated to accumulate at a low micromolar concentration in nu-
clei at the conditions tested (figs. S10 to S12). Overall, these data 
indicate that payload initially trapped in endosomes after preincu-
bation can subsequently be released from endosomes into the cell 
cytoplasm and nucleus by the action of d(X)TAT delivery peptides. 
Cytosolic delivery is less efficient in the preincubation format, as 
shown by lower nuclear staining by AF488-H1. This is expected, as 
delivery peptide and payload are less likely to be present in the same 
endocytic organelles at the same time when endocytosed sequen-
tially. These data support the notion that endosomal escape and 
cytosolic delivery remain possible even when endocytosis of the 
peptide and payload is not simultaneous. These data also demon-
strate that d(X)TAT does not require complexation or interactions 
between peptide and payload for efficient uptake into cells. In addi-
tion, live cells displaying successful AF488-H1 nuclear delivery after 
1 hour of incubation (as shown in Fig. 2A) conserve their morphol-
ogy and do not die at later time points (as monitored 24 hours after 
performing the 1-hour delivery protocol; fig. S13). This indicates 
that the d(X)TAT peptides deliver AF488-H1 in a manner that does 
not kill cells immediately or with a delay.

To further validate these results, we assessed the delivery of the 
gene-modifying enzyme Cre recombinase (Fig. 2B). The ability for 
the protein transduction domain (PTD) TAT to enhance endocytic 
uptake was exploited by fusion with the Cre recombinase enzyme 
(23). TAT-Cre delivery was tested in primary cortical astrocytes ob-
tained from transgenic ROSA26-LSL-tdTomato (tdTom) mice (34). 
Intracellular delivery of Cre in these cells yields recombination of a 
reporter gene and subsequent expression of fluorescent tdTom. A 
1-hour incubation of TAT-Cre alone with primary astrocytes yielded 
activation of tdTom expression in less than 5% of cells. This 
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Fig. 1. Structure-activity relationships of d(X)TAT establish impact of X on delivery activity. (A) General structure of the d(X)TAT constructs where X consists of single 
amino acids or peptide sequences with various hydrophobicity. (B) Scheme highlighting the assay used to quantify the cell delivery activity of d(X)TAT peptides. TMR-k5 
is used as a proxy to measure the relative delivery activity of d(X)TAT peptides. An endosomal escape mechanism is shown on the basis of previous results obtained with 
dfTAT. (C) Bright-field and fluorescence images showing cell morphology and TMR-k5 staining in MDA-MB-231 cells treated with d(WW)TAT. Cells are incubated with d(X)
TAT and the probe TMR-k5 for 1 hour. Delivery of TMR-k5 into the cytosol of cells is detected by the diffusion of the probe into the cytosol and its distinct nucleolar stain-
ing. The viability of cells is quantified with a SYTOX exclusion assay immediately following incubation. Representative results are provided with ×100 fluorescence micros-
copy images of TMR-k5 incubated with and without d(WW)TAT. The fluorescence of TMR-k5 is pseudocolored red, while the nuclear stain Hoechst is pseudocolored cyan. 
A zoom-in inset shows nucleolar staining by TMR-k5, as highlighted by white arrows. Quantification of cell penetration of d(X)TAT peptides (D) for X = W, F, or Y; (E) for 
X = K(TMR) or LL; and (F) for X = WW, FFLIP (PAS peptide), or YFIL (HPV peptide). TMR-k5 (+) (%) corresponds to the percentage of cells detected as positive for nuclear/
nucleolar TMR-k5 staining (percent of total). The data represent the average of biological N = 3 triplicates, with approximately 2700 cells being imaged and counted for 
each experiment. SDs are omitted for clarity, but all conditions had ≤12% SD, with the exception of d(W)TAT, which had ≤25%.
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activation can be increased to 8 and 35% using TAT-Cre alone, but 
it requires incubation times of 16 and 24 hours, respectively (fig. S14). 
In contrast, addition of both d(WW)TAT and d(LL)TAT during 
the 1-hour incubation increases the percentage of tdTom-positive 
cells to 50% or greater. While approximately 15% of astrocytes were 
positive for SYTOX green staining immediately after delivery, the 

surviving cells remained viable 24 hours after the delivery protocol 
(fig. S15). Notably, TAT-Cre delivery was also improved by the 
addition of the delivery peptides after incubation with payload, sug-
gesting that TAT-Cre and d(X)TAT do not need to interact to 
achieve cell entry. Consistent with this idea, TAT-Cre and dfTAT 
do not appear to bind one another in vitro, as shown in fig. S16. 
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Fig. 2. d(X)TAT constructs successfully deliver the histone H1 and the gene-editing enzyme TAT-Cre recombinase. (A) Neuro2a cells were exposed to AF488-H1 
(0.75 M) and d(LL)TAT (8 M) in coincubation or preincubation formats indicated. Representative bright-field and fluorescence images are provided, with AF488-H1 
being pseudocolored green and Hoechst being pseudocolored cyan (bleed-through is not present as indicated by the white asterisk). For incubation of AF488-H1 alone, 
Pearson’s colocalization coefficient (R) and Manders’ overlap coefficient (MOC) were determined for colocalization with LysoTracker red. The average AF488-H1 signal 
intensity inside and outside nuclei for imaged cells is provided as quantified using total integrated intensity within manually drawn regions of interest in ImageJ. These 
data were obtained from biological N = 2 duplicates, with 100 cells being imaged per experiment. Flow cytometry was performed to show the relative fluorescence inten-
sity of AF488-H1 in each condition. (B) Delivery of Cre recombinase into primary mouse cortical astrocytes. Cells only express the red fluorescent protein tdTom upon 
excision of a LoxP-Stop signal by Cre recombinase. Representative bright-field and fluorescence images (tdTom pseudocolored red and Hoechst pseudocolored cyan) 
and flow cytometry analysis of astrocytes exposed to TAT-Cre, with and without d(X)TAT peptides, are provided. Cells are analyzed 24 hours following Cre delivery to allow 
for tdTom expression. Delivery was performed using either the co- or preincubation format described in (A). The data represented are the averages and corresponding 
SDs of biological N = 2 duplicates. *P ≤ 0.05 and ***P ≤ 0.01. ns, not significant.
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Moreover, Western blot analysis of TAT-Cre present in whole cells 
indicates that the protein is present in cells at similar levels with or 
without d(X)TAT (fig. S17). However, analysis of nuclear extracts 
shows that the portion of TAT-Cre that reaches the nucleus is sub-
stantially higher (and estimated to be in the low micromolar range) 
in the presence of d(X)TAT (fig. S17). As with AF488-H1, these re-
sults are consistent with TAT-Cre being endocytosed by cells inde-
pendently of d(X)TAT. Hence, d(X)TAT does not change the level 
of endocytic uptake of TAT-Cre but simply causes the redistribu-
tion of the protein from endosomes to nucleus.

Having established successful Cre recombinase delivery in cell 
cultures, we next tested the performance of d(X)TAT/TAT-Cre 
cocktails in vivo using transgenic ROSA26-LSL-tdTom mice. Small 
volumes (0.4 l) of d(X)TAT/TAT-Cre [200 M d(WW)TAT or 
400 M d(LL)TAT, with 40 M TAT-Cre] were injected into the 
sensorimotor portion of the cerebral cortex of anesthetized animals 
(Fig. 3). Stereotactic injections of an AAV engineered to deliver the 
Cre gene (AAV2-Cre and AAV pseudotype 2) were used for perfor-
mance comparison (0.4 l of AAV2-Cre, 0.5  ×  1012 transduction 
units per milliliter as determined via quantitative polymerase chain 
reaction) (35). Two weeks after injections, animals were euthanized, 
and 25-m-thick sections of brain tissues were analyzed by immu-
nohistochemistry and fluorescence microscopy. As expected, injec-
tion of AAV2-Cre activated tdTom expression (Fig. 3A). Injection 
of TAT-Cre alone did not yield an observable red fluorescence, in-
dicating that this PTD conjugate is ineffective on its own in vivo 
(Fig.  3A). In comparison, injection of d(LL)TAT/ TAT-Cre or 
d(WW)TAT/ TAT-Cre cocktail yielded tdTom expression at a re-
gion spanning several hundred micrometers (Fig. 3, A and B). The 
d(X)TAT peptides therefore enable the delivery of TAT-Cre into 
the cytosol and nucleus of cells in vivo at levels similar to those 
observed with viral transduction of Cre.

Two distinct regions of tdTom fluorescence were observed, re-
gion 1 and region 2, moving laterally away from the injection site, 
respectively (Fig. 3B). In region 1, tdTom fluorescence intensity is 
higher for d(X)TAT/TAT-Cre than for AAV2-Cre (Fig. 3B). It is 
the opposite in region 2, suggesting a more contained diffusion 
in the d(X)TAT/TAT-Cre groups. To further characterize the dif-
ferences between d(X)TAT/TAT-Cre and AAV2-Cre, immunos-
taining of neuronal nuclear protein (NeuN), glial fibrillary acidic 
protein (GFAP), ionized calcium-binding adapter molecule 1 
(Iba1), CD68, and 4′,6-diamidino-2-phenylindole (DAPI) was per-
formed to identify neurons, astrocytes, microglia, infiltrated macro-
phages, and nuclei, respectively. Given that d(X)TAT displayed 
some toxicity at high concentrations in vitro, a concern was that the 
high fluorescence intensity of region 1 arises from tissue damage 
(e.g., tissue remodeling and increase in cell density). However, the 
density of cells, as detected by DAPI staining, was not different be-
tween tissue injected with d(X)TAT/TAT-Cre, tissue injected with 
AAV2-Cre, and noninjected tissue (Fig. 4A). Moreover, the densities 
of neurons, astrocytes, and microglia were also consistent between 
these conditions (Fig. 4A and fig. S18). As expected, the mechanical 
disruption caused by the needle does damage the tissue (36, 37), and 
the regions at close proximity to the needle tracts display some in-
flammatory response in all the groups. However, no CD68 staining 
was observed in regions of tdTom expression away from the needle 
tracts (fig. S19). In addition, no significant differences were observed 
in between the peptides or AAV-injected animals in the number of 
neurons and astrocytes expressing proapoptotic marker cleaved 
caspase 3 (fig. S20) or in the expression of proinflammatory markers 
[interleukin-6 (IL-6), tumor necrosis factor– (TNF-), and IL-1; 
fig. S21]. Together, this demonstrates that injected brains did not show 
signs of major tissue damage, cell death, or active immune responses 
(besides the needle tract) and indicates that the d(X)TAT/TAT-Cre 
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cocktails were relatively innocuous similar to what was observed after 
AAV injections.

Consistent with the virus pseudotype used and its reported tro-
pism, the control AAV2-Cre transduced approximately 70% of the 
neurons present in regions 1 and 2 but less than 5% of astrocytes 
and microglia (Fig. 4B). The red fluorescence observed in region 1 
for d(X)TAT/TAT-Cre is densely distributed, making the identi-
fication of individual tdTom cells difficult. In particular, all cells 
overlap with some red signal, with nonfluorescent cells being either 
absent or masked by their fluorescent neighbors. Consequently, we 
were unable to reliably quantify the number of tdTom-positive cells 
and the type of cells successfully transduced in region 1. In contrast, 
the tdTom fluorescence of region 2 was more dispersed, permitting 
the identification of distinct cells and the quantification of colocal-
ization with NeuN, GFAP, and Iba1. d(WW)TAT transduced TAT-
Cre in approximately 50% of the neurons and astrocytes present in 
region 2 (Fig. 4B). The percentage of tdTom-positive microglia cells 
was below 5%. The ability of d(X)TAT to transduce multiple cell 
types likely contributes to the high fluorescence signal observed in 
region 1. It is also likely that this high signal is the result of trans-
duction efficiencies that surpass those detected in region 2 and sur-
pass those detected for AAV2-Cre.

DISCUSSION
We present a new nonviral method for efficient protein delivery 
into cells of the CNS. This method involves an endosomolytic pep-
tide simply mixed with a protein payload. We use the payload Cre 

recombinase as a tool to spatially turn on gene expression in a ge-
netically modified organism. We demonstrate that this method is as 
efficient at activating tdTom expression as an AAV gene delivery 
protocol. This approach offers some potential benefits: (i) It allows 
the rapid onset of intracellular biological activity (e.g., Cre enzyme 
is delivered in its active form and induces recombination rapidly 
after entering a cell, while AAV2-Cre requires a time delay for Cre 
recombinase to be expressed from the cre gene). (ii) Proteins are 
delivered directly and transiently into cells and, in the context of 
transcription factors or gene-editing tools, can potentially avoid un-
wanted off-target and knock-on effects otherwise caused by pro-
longed expression (9–11, 16). (iii) Delivery peptides and protein 
payloads are straightforward to produce by standard solid-phase 
peptide synthesis and recombinant technologies, which consider-
ably reduce production time and costs associated with viral strate-
gies. (iv) The delivery approach does not involve potential risks 
associated with DNA integration with the host genome. Please note 
that several widely used natural or engineered AAVs (e.g., AAV9, 
AAV5, AAV-DJ, etc.) have benefits that the current approach does 
not have: desirable biodistribution in large areas of tissue, controlled 
tropism, and the ability to cross the blood-brain barrier (this elimi-
nates the need for invasive and time-consuming stereotactic brain 
injections procedures) (38–40). The protocols described here are 
therefore not meant to supplant the AAV technology but rather to 
complement it. For instance, delivery tools such as d(X)TAT could 
provide new opportunities in terms of the types of cargos that can 
be delivered to cells of the CNS. It would be of particular interest to 
deliver payloads that are not packaged by AAVs (e.g., DNA > ~5 kb, 
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mRNA or long noncoding RNAs, large transcription regulator, etc.) 
(41). In this regard, various proteins, peptides, oligonucleotides, cell- 
impermeable small molecules, and large nanoparticles (~100 nm in 
diameter) have been successfully delivered into cells in vitro using 
dfTAT coincubation protocols (26, 33, 42, 43). It will be interesting to 
test in the future whether these in vitro results can be replicated 
in vivo. Notably, previous studies have also achieved gene editing in the 
CNS by delivery of Cas9 ribonucleoproteins or Cre recombinase in vivo 
(44, 45). However, these approaches require the modification of pro-
teins with fusion tags that can potentially interfere with protein func-
tion and the use of lipid-based transfection agents, which may persist 
inside cells for long periods of time and elicit a variety of cellular re-
sponses (46, 47). In contrast, the CPPs used here can be quickly de-
graded following delivery (dfTAT has already been established to have 
little impact on cell physiology), and the protein cargo does not require 
modifications (26). We therefore expect to assess whether these features 
yield benefits for in vivo gene-editing applications in future studies.

The reagent dfTAT was originally designed to mediate the cellu-
lar delivery of macromolecules into cell cultures by a simple coincu-
bation protocol. The delivery format of coincubation between this 
endosomolytic agent and macromolecular payload seems appropri-
ate in this context, as cells within a dish are continually exposed to 
the incubation cocktail. Delivery agent and payload can therefore be 
endocytosed together without having to interact physically with one 
another, as dfTAT renders late endosomes leaky, allowing the pay-
load to be released into the cytosol of cells. As a matter of fact, binding 
interactions between peptide and extracellular components tend to 
result in a decrease in delivery activity (fig. S16D) (26, 43). There-
fore, the ideal cocktail for this approach is likely one where there is 
no or little interaction between delivery peptide and payload. This 
format offers several benefits including the elimination of conjuga-
tion protocols between delivery agent and payload, the function of 
the delivered payloads not being perturbed by labeling with the de-
livery agent, and the concentrations of payload that enter cells being 
independent of delivery agent and therefore tunable (26, 43). How-
ever, stereotactic injections are different, as delivery agent and pay-
load are, in principle, free to diffuse away from the site of injection 
and, importantly, away from each other. Therefore, cells that inter-
nalize enough delivery agent but little payload, or vice versa, can fail 
to show a positive cytosolic delivery outcome (see the Supplementary 
Materials for additional discussion accompanying fig. S20). None-
theless, our data show that, under the conditions used, the cocktail 
delivery format is capable of achieving successful protein delivery in 
a region of tissue that spans a distance comparable to that achieved 
with an all-in-one AAV delivery vector. The in vitro data presented 
here support the notion that d(X)TAT reagents function similarly 
to dfTAT, i.e., following a two-step process of endocytosis followed 
by endosomal escape. In this regard, glial cells have an endocytic 
pathway with unique features (e.g., high pH and high levels of pro-
teases), and this may explain the low transduction observed in mi-
croglia in vivo (48). However, we do not rule out the possibility that 
other mechanisms of cell entry may be involved in vivo, especially 
in areas of high local peptide concentration. For instance, it is pos-
sible that the d(X)TAT reagents could promote cytosolic delivery 
of payloads by transiently disrupting the plasma membrane of cells 
(a process reported for CPPs) (49–51). d(X)TAT and payload could 
also potentially form particles in vivo that are not detected in vitro 
before injection, giving rise to the possibility that d(X)TAT and 
TAT-Cre could travel together to reach the same cells.

We currently do not know how much peptide or payload is pres-
ent in the interstitial space of injected tissue in vivo and how this 
changes over time. As seen in fig. S14, TAT-Cre alone must be 
exposed to cells for an extended period of time to induce tdTom 
expression in vitro. The mice treated with TAT-Cre alone did not 
show any tdTom fluorescence. Together, these results suggest that, 
in vivo, delivery of TAT-Cre alone does not work because the en-
zyme is not in contact with cells long enough to enter cells. In the 
case of injection with d(X)TAT peptides, it is possible that the expo-
sure of TAT-Cre to cells is lengthened. Instead, we propose that 
d(X)TAT delivers TAT-Cre in the narrow time frame during which 
cells are exposed to the enzyme in vivo. This is because the peptides 
deliver protein payloads in less than an hour in vitro. Overall, this 
may prove to be useful for biologics that are poorly stable in vivo 
and that would require rapid delivery. Note that d(WW)TAT dis-
played some toxicity against astrocytes in vitro after 1 hour of incu-
bation (<15% cell death). In contrast, we did not detect deleterious 
effects on injected tissue. It is therefore possible that the contact 
time between peptide and cells is shorter in vivo than in vitro and 
that a short in vivo exposure time also mitigates potentially harmful 
effects. In addition to exposure time, it is likely that several factors 
modulate the efficiency of delivery as peptide and payload diffuse 
away from the injection site (a simple model is provided in fig. S20). 
Peptide stability is also likely a major factor in delivery efficiency 
in vivo. Ideally, the peptide used should be fully degradable to pre-
vent unwanted downstream effects yet stable enough to successfully 
deliver the payload in a timely manner. While intracellular degrad-
ability was a feature that we sought for in this study, it is possible 
that formulations that reduce extracellular degradation could en-
hance the ability of the peptide/payload cocktail to diffuse further 
away from the site of injection and expand the region of successful 
delivery. The results presented here reveal how the residues present 
at position X in the d(X)TAT constructs modulate the efficiency of 
endosomal escape of these peptides. An area of possible improve-
ment for future d(X)TAT-like delivery agents is to tune this posi-
tion to further decrease the concentration threshold at which 
cytosolic delivery is achieved. On the basis of the simple model pre-
sented in fig. S22, this would likely increase the size of the region of 
successful delivery for the same given concentration of peptide. 
Last, it is interesting to speculate that the cocktail format presented 
could be modified to achieve cell-specific delivery. In particular, we 
envision that payloads targeted for endocytosis by specific cell sur-
face receptors could be coincubated with d(X)TAT. Delivery could 
then be achieved into neurons or astrocytes specifically. Multiple 
payloads may also be able to enter different cell types simultaneous-
ly during a single injection. We will pursue testing such possibilities 
in future studies.

MATERIALS AND METHODS
Peptide design, synthesis, purification, and quantitation
All peptides were synthesized on a rink amide 4-methylbenzhydrylamine 
(MBHA) resin (Novabiochem, San Diego, CA) by solid-phase pep-
tide synthesis using previously described protocols (52). Briefly, the 
TAT sequence on which all peptides were built on was assembled 
using standard 9-fluorenyl methoxycarbonyl (Fmoc) protocols con-
taining Fmoc-Lys-(Boc)-OH, Fmoc-Gly-OH, Fmoc-Arg(Pbf)-OH, 
and Fmoc-Gln-(Trt)-OH (Novabiochem). To this TAT back-
bone, Fmoc-Tyr(tBu)-OH, Fmoc-Phe-OH, Fmoc-Trp(Boc)-OH, 
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Fmoc-Leu-OH, Fmoc-Ile-OH, Fmoc-Lys(Ac)-OH, and Fmoc-Pro-OH 
were added where applicable for specific peptides. For fluorophore 
coupling, Fmoc-Lys(Mtt)-OH was added for selectable deprotec-
tion using 1.5% trifluoroacetic acid (TFA) and subsequent coupling 
[5(6)- carboxytetramethylrhodamine (TMR; Novabiochem)] to the 
ɛ-amine using standard coupling protocols. Boc-Cys(Trt)-OH was 
added to the N terminus of all peptides for downstream dimerization 
following TFA cleavage from the resin. Cleaved monomers were 
dissolved in aerated phosphate-buffered saline (PBS) at pH 7.6 (~1 mg/ml), 
and the reaction was agitated on a nutator overnight. The pental-
ysine constructs were synthesized in the same manner using Fmoc-d-
Lys(Boc)- OH with either 7-diethylaminocoumarin-3-carboxylic acid 
(DEAC) or TMR conjugated directly to the N terminus.

The peptides dfTAT [NH2-CK(-NH-TMR)RKKRRQRRRG- 
NH2], d(F)TAT (NH2-CFRKKRRQRRRG-NH2), d(Y)TAT (NH2- 
CYRKKRRQRRRG-NH2), d(W)TAT (NH2-CWRKKRRQRRRG-NH2), 
d(WW)TAT (NH2-CWWRKKRRQRRRG-NH2), d(LL)TAT (NH2- 
CLLRKKRRQRRRG-NH2), d(PAS)TAT (NH2-CFFLIPRKKRRQRRRG- 
NH2), d(HPV)TAT (NH2-CYFILRKKRRQRRRG-NH2), dK(Ac)TAT 
[NH2-CK(Ac)RKKRRQRRRG-NH2], DEAC-k5 (DEAC-kkkkk-NH2), 
and TMR-k5 (TMR-kkkkk-NH2) were analyzed by reverse-phase 
high-performance liquid chromatography (HPLC) on an Agilent 
HP 1200 series instrument and an analytical Phenomenex Luna Ome-
ga Polar C18 column (5 m, 4.6 mm by 250 mm). The flow rate was 
2 ml/min, and detection was at 214, 430, and 550 nm. Peptide puri-
fication was performed on a Thermo Fisher Scientific UltiMate 
3000 HPLC on a Phenomenex Luna Omega Polar C18 column (5 m, 
21.2 mm by 250 mm). The flow rate was 20 ml/min, and detection was 
at 214, 430, and 550 nm. All runs used linear gradients of 0.1% aque-
ous TFA (solvent A) and 90% acetonitrile, 9.9% water, and 0.1% TFA 
(solvent B). The correct identity of all peptides was confirmed by elec-
trospray ionization on a Thermo Fisher Scientific Exactive Orbitrap. 
For concentration determination, all peptides were reduced to their 
monomeric form using tris(2-carboxyethyl)phosphine. Concentra-
tions were then obtained using quantitative amino acid analysis (Pro-
tein Chemistry Lab, Texas A&M University; figs. S21 to S29).

Expression and purification of TAT-Cre recombinase
The gene for TAT-Cre from pTriEx-HTNC (Addgene) was cloned into 
the vector pTXB1 and transformed into Escherichia coli BL21 (DE3) 
cells (Agilent Technologies) using a standard heat shock method. LB 
media containing ampicillin (100 g/ml) were inoculated with colonies 
containing the plasmid and allowed to grow shaking at 37°C overnight. 
Cultures were then used to inoculate 1 liter of LB containing ampicillin 
and allowed to grow until OD600 (optical density at 600 nm) = 0.6. Cul-
tures were then induced with 1 mM isopropyl -d-1-thiogalactopyrano-
side (Fisher Scientific) and grown, shaking, at 37°C for 3 hours. E. coli 
cells were then pelleted by centrifugation using a J2-21 (Beckman) cen-
trifuge and a JA-10 rotor at 4000 rpm for 30 min at 4°C. Cell pellets were 
then resuspended in buffer containing 20 mM NaH2PO4, 500 mM 
NaCl, and 20 mM imidazole, and then, cells were lysed by sonication for 
a total sonication time of 8 min. Cell debris was removed from the 
whole-cell lysate by centrifugation using a JA-20 rotor at 17,000 rpm for 
45 min at 4°C. TAT-Cre was then purified using metal affinity chroma-
tography (HisTrap HP; GE Healthcare).

Adeno-associated virus
AAV2-Cre was produced at the Salk Institute Viral Vector Core as 
described previously (35, 53).

Cell line culturing and maintenance
MDA-MB-231 (breast cancer–derived epithelial), HeLa (cervical 
cancer–derived epithelial), and Neuro2a (mouse neuroblast) cells 
were obtained from the American Type Culture Collection. Ai14 
astrocytes were isolated from the brain cortex of Ai14flox/flox mice 
(from JAX, #007908), according to reported protocols (34). All cells 
were cultured in Dulbecco’s modified Eagle medium (DMEM; 
Thermo Fisher Scientific, catalog no. SH3002201) supplemented 
with 10% fetal bovine serum (Thermo Fisher Scientific) and penicillin- 
streptomycin (Thermo Fisher Scientific) in a humidified incubator 
at 5% CO2 and 37°C. All cell lines tested negative for mycoplasma 
via MycoAlert (Lonza). For experiments, cells were seeded in a plas-
tic 48-well dish and a Lab-Tek II glass eight-well plate for high- 
magnification imaging (Fisher).

Fluorescence microscopy
For quantitative analysis, cells were imaged using an EVOS M7000 
microscope (Thermo Fisher Scientific) using ×10, ×20, and ×40 ob-
jectives. The microscope is equipped with a heated chamber main-
tained at 37°C. Images were acquired using bright-field imaging 
and five fluorescence filter sets: cyan fluorescent protein [CFP; exci-
tation (Ex) = 445 ± 22 nm and emission (Em) = 510 ± 21 nm], red 
fluorescent protein (RFP; Ex = 531 ± 20 nm and Em = 593 ± 20 nm), 
green fluorescent protein (Ex = 470 ± 11 nm and Em = 525 ± 25 nm), 
DAPI (Ex = 357 ± 22 nm and Em = 447 ± 30 nm), and Cyanine 5 
(Ex = 628 ± 20 nm and Em = 685 ± 20 nm). High-magnification 
(×100) imaging was performed on a model IX81 Olympus micro-
scope equipped with a Retiga R6 charge-coupled device camera 
(Teledyne QImaging) and a heated stage maintained at 37°C. Images 
were acquired using bright-field imaging and four fluorescence 
filter sets: CFP (Ex = 436 ± 10 nm and Em = 480 ± 20 nm), RFP 
(Ex = 560 ± 20 nm and Em = 630 ± 35 nm), fluorescein isothiocyanate 
(Ex = 488 ± 10 nm and Em = 520 ± 20 nm), and DAPI (Ex = 350 ± 
50  nm and Em  =  460  ±  25 nm). For z stacks and rendering of 
three-dimensional volumes at ×100, images were taken at 0.2-m 
intervals on the z axis with the disk-spinning unit (IX2-DSU) en-
gaged. All images captured for an experiment at a particular magni-
fication were collected using identical neutral density, gain, and 
exposure times. These values were set to yield the highest intensity 
achievable without pixel saturation. Images were analyzed and pro-
cessed using either SlideBook 6.0 (3i), Celleste 4.0 software (Ther-
mo Fisher Scientific), or ImageJ (National Institutes of Health). The 
reproducibility of all the experiments was assessed by performing 
experiments with independent batches of cell cultures on three dif-
ferent days (i.e., biological triplicates).

Determination of delivery efficiencies in cell culture
MDA-MB-231 cells were washed three times with Leibovitz’s nrL15 
media (nr, without cysteine; nrL15, Thermo Fisher Scientific). Cells 
were then incubated with peptide and 20 M of the pentalysine 
probe at 37°C for 1 hour. This was followed by washing the cells two 
times with nrL15 supplemented with heparin (1 mg/ml; Sigma- 
Aldrich) to remove extracellular peptides and one time with nrL15 
to remove heparin. Cells were treated with the cell-impermeable 
nuclear stain SYTOX Blue (Thermo Fisher Scientific), SYTOX Green 
(Thermo Fisher Scientific), or DRAQ7 (Invitrogen) to identify cells 
that had a compromised plasma membrane (i.e., dead cells). In par-
allel, the cell-permeable dye Hoechst 33342 (Thermo Fisher Scien-
tific) was used for nuclear staining. Cells were imaged as described 
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above. Briefly, cells that displayed nucleolar staining by the pental-
ysine peptide, while excluding SYTOX or DRAQ7 stain, were con-
sidered positive for delivery if above a threshold determined by 
TMR-k5 alone. Cells stained by the SYTOX or DRAQ dyes were 
considered dead. Penetration efficiency was calculated by dividing 
the number of cells that show pentalysine nuclear staining by the 
total number of cells present (Hoechst-stained cells, ×20 images). Like-
wise, cells stained with SYTOX or DRAQ7 dyes were counted to 
determine the percentage of dead cells. Penetration was not quan-
tified for conditions where d(X)TAT peptides cause more than 20% 
cell death, as fluorescent cellular debris renders analysis unreliable. 
In the TMR-k5 delivery assay, the number of molecules that enter 
cells and reach the nucleus/nucleolus is not directly quantified. In-
stead, what is quantified is the number of cells in which TMR-k5 is 
detected to be present above a detection threshold. This threshold is 
dependent on the microscope, imaging conditions, and the concen-
tration of TMR-k5 used during incubation (fig. S5).

Histone AF488-H1 delivery
Neuro2a were washed three times with nrL15 media (Thermo Fish-
er Scientific). Following washing, the wells were either (i) preincu-
bated for 30 min with AF488-labeled histone H1 at 0.75 M followed 
by a 1-hour peptide incubation with 2.5 M d(WW)TAT or 8 M 
d(LL)TAT or (ii) coincubated for 1 hour with histone and peptide 
at the same concentrations. After the incubation with histone and/
or peptide, the cells were washed two times with nrL15 supplemented 
with heparin (1 mg/ml; Sigma-Aldrich) and one final nrL15 wash to 
remove heparin. For fluorescence imaging, a live/dead stain DRAQ7 
(BD Accuri) was used to stain dead cells after the final wash. Cells 
were then imaged as described above.

Cre recombinase splicing assay in cell culture
Ai14 astrocytes were washed three times with L15. TAT-Cre (2 M) 
recombinase was either preincubated or coincubated with either 
2.5 M d(WW)TAT or 8 M d(LL)TAT for 1 hour. Cells were 
washed with heparin (1 mg/ml) and nrL15 and imaged for tdTom 
fluorescence. Following delivery of TAT-Cre, cells were returned to 
DMEM/10% fetal bovine serum and incubated overnight in normal 
growth conditions for later imaging. For wells used for imaging, the 
following day (24 hours), cells were washed with nrL15 and imaged 
for the presence of tdTom fluorescence. After imaging, cells were 
trypsinized in 75 l of 0.5% trypsin for 5 min, resuspended in 300 l 
of nrL15, and analyzed using a BD Accuri C6 flow cytometer. Cyto-
metric readings were gated for cell events based on an untreated 
sample and tdTom fluorescence. Flow cytometry data were pro-
cessed using FlowJo.

Stereotactic injections in mice
Mice used for stereotactic injections were 8- to 10-week-old male 
and female Ai14flox/flox (from JAX, #007908). Mice were anesthetized 
with isoflurane anesthetic gas (3% induction and 1 to 2% mainte-
nance face mask). During the surgery, mice were kept on a warming 
pad at 37°C. The hair overlying the skull was removed with an elec-
tric shaver. The surgical site was prepared with Betadine followed 
by medical-grade, prepackaged isopropanol wipes. The mice were 
placed on a stereotaxic device (Harvard Apparatus), and ocular lu-
bricant was applied to both eyes to prevent drying. The scalp was 
incised (midline incision), and small burr holes were drilled in the 
skull overlying the appropriate areas. Small volumes (0.4 l) of 

appropriate delivery mix were injected into the sensorimotor por-
tion of the cerebral cortex. The injections were made via a Hamilton 
micro syringe modified with glass capillaries. The right sensorimotor 
cortex was injected 0.7 mm below the cortical surface at one coordi-
nate relative to bregma: 0.1 mm anterior (AP)/1.2 mm lateral (ML). 
A total of 0.4 l of AAV-Cre or payload/peptide cocktails was injected 
per injection site over a duration of 5 min [peptide concentrations 
were chosen relative to activity seen in cells: 200 M for d(WW)
TAT, 400 M for d(LL)TAT, and 40 M for TAT-Cre]. After injec-
tion, the scalp was closed with silk sutures (Monocryl 5.0 absorbable) 
and Dermabond. For perioperative analgesia, mice received 0.5 ml of 
0.9% sodium chloride solution, 0.1 ml of buprenorphine (0.1 mg/kg 
body weight dissolved in 0.9% NaCl solution), and 0.1 ml of penicil-
lin. All procedures and instruments used for the surgery were steril-
ized before the surgery to prevent secondary infection. After surgery, 
mice were allowed to recover in a warmed cage and then were moved 
to a normal cage provided with food and water.

Immunohistochemistry
Fourteen days after injection, mice were euthanized. Mice were given 
a lethal dose of Fatal-Plus and perfused transcardially with 4% para-
formaldehyde, consistent with the recommendations of the American 
Veterinary Medical Association (AVMA) Guidelines for the Euthanasia 
of Animals. Semiserial coronal sections of the brains (0.5 mm ros-
trocaudal, centered around the injection site) were cut with a cryo-
stat (50 m thick). Every other section per animal (one section every 
50 m) was stained with Iba1, GFAP, and NeuN using different 
combinations of primary and secondary antibodies for costaining 
(four different channels) to maximize the use of the tissue. After 
washing with PBS, sections were treated with a blocking buffer con-
taining 5% normal horse serum (Sigma-Aldrich) and 0.4% Triton 
X-100 (Sigma-Aldrich) for 1 hour. Incubation with primary anti-
bodies was conducted overnight at 4°C with dilutions as follows: rat 
anti-GFAP (1:500; Thermo Fisher Scientific, 130300), rabbit anti- 
NeuN (1:500; Cell Signaling Technology, 24307S), rat anti-CD68 
(1:500; Bio-Rad, MCA1957), and rabbit anti-Iba1 (1:500; FUJIFILM 
Wako Chemicals, 019-19741). After washing with PBS, sections were 
incubated with goat anti-rat AF488 (1:500; Thermo Fisher Scien-
tific, A11006) and goat anti-rabbit AF647 (1:500; Thermo Fisher 
Scientific, A32732) secondary antibodies for 1.5 hours at room tem-
perature, washed again then stained with DAPI (1:5000; Thermo 
Fisher Scientific, D3571) for 10 min, washed, and lastly mounted in 
Fluoromount-G (Southern Biotechnology, 0100-01). Negative con-
trols for unspecific binding of the secondary antibody were conducted 
in parallel sections following the same procedure described above, 
except for the incubation in primary antibodies. Sections were im-
aged on a Zeiss Axio Observer fluorescent microscope and processed 
using Zeiss ZEN Blue software.

Quantifications were performed using ZEN Blue or ImageJ. The 
total number of NeuN/tdTom coexpressing cells, the total number 
of GFAP/tdTom coexpressing cells, and the total number of Iba1/
tdTom coexpressing cells were quantified in sections displaying td-
Tom fluorescence. Relative region intensities were quantified using 
ImageJ. Images from different injections were compared with iden-
tical contrast settings in ImageJ. The “Jet” LUT was applied to 
more easily distinguish the regions of highest and lowest intensity. 
The “Plot Profile” tool was then used to quantify the intensity over 
the regions of interest, measuring outward from the epicenter of 
fluorescence.
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Three brain sections from each injected animal were costained 
for cleaved caspase-3 (1:500; Cell Signaling Technology, 9661), NeuN, 
GFAP, and DAPI, as described above. These were imaged at ×20 using 
a Zeiss Axio Observer fluorescent microscope, and quantifications 
were performed using ZEN Blue and ImageJ. The number of caspase- 3–
expressing cells, tdTom-expressing cells, tdTom/caspase-3 dual- 
positive cells, NeuN/caspase-3 or GFAP/caspase-3 dual-positive 
cells, and triple-positive cells expressing NeuN/tdTom/caspase-3 or 
GFAP/tdTom/caspase-3 was counted over the entire injection site 
(two to three fields of view averaged) over three sections per stain 
per animal. The percentage of triple-positive cells over total tdTom- 
expressing cells was calculated for both NeuN and GFAP popula-
tion and compared between peptide/cargo and AAV-Cre injection 
sites. Data were analyzed using analysis of variance (ANOVA) and 
t tests in GraphPad Prism v9.

Cell density analysis in brain slices
Intact brain slices that displayed tdTom expression from peptide 
and AAV injections were selected for cell density analysis. The total 
number of cells was determined by Hoechst staining and quantified 
by counting the number of fluorescent nuclei present in fluores-
cence images using the ZEN Blue edition software. Similarly, the 
number of microglia stained with Iba1, astrocytes stained with 
GFAP, and neurons stained with NeuN were counted in the same 
area. At least five regions of 40,000 m2 (200 m by 200 m) were 
selected from three different slices across two animals within each 
injection type and compared to the number of these cells in un-
touched tissue.

Proinflammatory cytokine ELISA for acute 
inflammatory response
Six additional 10-week-old male Ai14flox/flox mice were injected with 
either d(WW)TAT:TAT-Cre (n = 3) or AAV-Cre (n = 3) bilaterally 
in the cortex, as described above. Both hemispheres of the senso-
rimotor cortex were injected 0.7 mm deep at one coordinate relative 
to bregma: 0.1 mm anterior (AP) and ±1.3 mm lateral (ML). A total 
of 0.5 l of AAV-Cre or payload/peptide cocktails was injected per 
injection site. At 3 days after injection, mice were euthanized via a 
lethal dose of Fatal-Plus and perfused transcardially with 4% hepa-
rinized PBS. A 3 mm–by–3 mm section of the cortex centered on 
the injection site, and extending the depth of the entire cortex, was 
microdissected out from each hemisphere. Both hemispheres from 
each mouse were combined into one sample. Samples were homog-
enized in an extraction buffer [100 mM tris (pH 7.4), 150 mM NaCl, 
1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxy-
cholate, and Halt Protease and Phosphatase Inhibitor] using brief 
manual tissue dissociation (Drimmel Tissue Tearor Homogenizer) 
followed by 1 hour on ice on a shaker. After homogenization, the 
samples were centrifuged, and the supernatant was collected. Pro-
tein concentration was measured using NanoDrop, and aliquots 
were prepared at 10 g/ml for analysis by enzyme-linked immuno-
sorbent assay (ELISA).

Three separate solid-phase sandwich ELISA plates were per-
formed concurrently on all six animals in triplicate for each sample: 
TNF- (R&D Systems, #DY410), IL-1 (R&D Systems, #DY401), 
and IL-6 (R&D Systems, #DY406). These assays were performed to 
the manufacturer’s recommended protocol. Briefly, the plates were 
incubated with the capture antibody overnight at room tempera-
ture. After three washes to remove the excess capture antibody, the 

plates were blocked for 2 hours in Reagent Diluent (1% bovine serum 
albumin in PBS). After three further washes, 100 l of the samples 
(at a protein concentration of 10 g/ml) and the seven protein stan-
dards (prepared as recommended by the manufacturer) in duplicate 
were added to the appropriate wells. Samples and standards were 
incubated for 2 hours at room temperature and then washed three 
times. A total of 100 l of detection antibody was then incubated for 
2 hours at room temperature. After three washes, 100 l of strepta-
vidin–horseradish peroxidase (1:40) was added to the wells and in-
cubated for 20 min in the dark. Three more washes were performed, 
followed by 100 l of substrate solution in each well. After 20 min of 
incubation in the dark, 50 l of stop solution was added to each well 
and the absorbance was read at 450 nm (with 540-nm correction) 
using a Tecan Infinite M200 plate reader with Magellan software. 
GraphPad Prism v9 software was used to produce linear standard 
curves. Absorbance data were converted to protein concentration 
using the linear equation and analyzed using t tests (Prism).

Statistical analysis
Statistical analysis was performed in Excel using the Analysis Tool-
Pak. All significance was determined using a two-tailed t test and a 
null hypothesis of zero, assuming equal variances. SDs were calcu-
lated in Excel using the “stdev.s” function. The label “ns” corre-
sponds to P > 0.05, * corresponds to P ≤ 0.05, ** corresponds to 
P ≤ 0.01, and *** corresponds to P ≤ 0.001 via two-tailed t test. The 
t test analysis is performed between two populations, i.e., untreated 
control and sample tested.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2954

View/request a protocol for this paper from Bio-protocol.
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