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A

ntibody-based drugs are rapidly expanding their share of
the medicinal product market. Approximately 60 mAbs
have been approved for clinical use (1). Despite the
increasing demand, the use of therapeutic Abs remains to be
challenging because of the limitations in their oral availability,
problems with stability, and their side effects (2, 3). Therefore,
many studies have been aimed at designing and augmenting the
Ab-based pharmaceuticals through adjuvants, chemical modifications, encapsulation, etc. (4–6).
One of the promising novel approaches to overcome those
limitations is a gradual decrease of the original Ab concentration to
achieve its ultra-high dilution (7). This platform has successfully
been used for manufacturing a group of safe and efficacious drugs
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for the treatment of various conditions, including infectious diseases, endocrine disorders, urogenital dysfunction, etc. (8–10).
The abovementioned technology was applied to target regulatory
molecules, including cytokine IFN-g that is involved in various
physiological and disease states. IFN-g is a homodimeric glycoprotein (Fig. 1) with pleiotropic functions produced primarily by
T lymphocytes and NK cells. It acts as a modulator of plethora of
immune functions, including antiviral immune response. IFN-g
exerts these activities through binding to its high-affinity receptor
that consists of a- and b-chains, leading to their association into
an active complex and signaling via the JAK/STAT pathway (11).
Abs against IFN-g have been used to affect the immune response in experimental models (12, 13), but their clinical development was unsuccessful despite demonstrating some benefits
(14, 15). Naturally occurring autoantibodies to IFN-g are present
in healthy individuals; they increase in titer during infections
and in some diseases, and they were shown to interfere with
the immunomodulatory activity of the cytokine (16). These facts
prompted us to consider Ab-based approach to modulate IFN-g
functions in vivo by developing an agent based on the highly
diluted Abs to IFN-g (hd-anti–IFN-g). To date, the ability of the
hd-anti–IFN-g to regulate functional activity and production of
endogenous IFNs, modulate the immune response, and affect the
level of natural circulating Abs to IFN-g has already been studied
(17, 18). Also, the antiviral activity of the hd-anti–IFN-g against
influenza and other respiratory infections has been demonstrated in
a variety of preclinical and clinical studies (17, 19–23). Information
regarding recent clinical trials can be found on ClinicalTrials.gov
(https://clinicaltrials.gov/ct2/results?cond=&term=anaferon&cntry=
&state=&city=&dist=).
Physicochemical properties of the hd-anti–IFN-g have been
studied by dynamic light scattering, conductometry, pH meters,
and tensiometry. These results have demonstrated that aqueous
solutions of highly diluted Abs are self-organizing, dispersed

Downloaded from http://www.jimmunol.org/ by guest on October 10, 2021

The therapeutic use of Abs in cancer, autoimmunity, transplantation, and other fields is among the major biopharmaceutical advances of the 20th century. Broader use of Ab-based drugs is constrained because of their high production costs and frequent side
effects. One promising approach to overcome these limitations is the use of highly diluted Abs, which are produced by gradual
reduction of an Ab concentration to an extremely low level. This technology was used to create a group of drugs for the treatment
of various diseases, depending on the specificity of the used Abs. Highly diluted Abs to IFN-g (hd-anti–IFN-g) have been
demonstrated to be efficacious against influenza and other respiratory infections in a variety of preclinical and clinical studies.
In the current study, we provide evidence for a possible mechanism of action of hd-anti–IFN-g. Using high-resolution solution
nuclear magnetic resonance spectroscopy, we show that the drug induced conformational changes in the IFN-g molecule. Chemical shift changes occurred in the amino acids located primarily at the dimer interface and at the C-terminal region of IFN-g.
These molecular changes could be crucial for the function of the protein, as evidenced by an observed hd-anti–IFN-g–induced
increase in the specific binding of IFN-g to its receptor in U937 cells, enhanced induced production of IFN-g in human PBMC
culture, and increased survival of influenza A–infected mice. The Journal of Immunology, 2020, 205: 1345–1354.
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systems in which nano-objects are formed (24). Self-organization
of Ab solutions was accompanied by a significant change in their
properties as compared with similarly treated water. Additionally,
it was shown that solution of the hd-anti–IFN-g might contain
aggregates of initial Abs associated with gas nanobubbles, which
remain in a multiple times–diluted liquid because of the flotation
effect (25). These data agree with the previously demonstrated
presence of the starting materials in nanoparticulate form even in
the extreme dilutions (26).
Using piezoelectric immunosensor assay, we have shown that the
interaction between IFN-g and IFN-g–specific Abs changed in the
presence of the hd-anti–IFN-g (27). Conformational changes of an
Ag upon binding of an Ab have been demonstrated (28). Similar
allosteric effect on an Ag may also be attributed to highly diluted
Abs. Thus, the aim of the current study was to investigate whether
the hd-anti–IFN-g may cause a conformational change in IFN-g
molecule, affecting its biological activity and interaction with
other molecules (i.e., IFN-g receptor).

Production of experimental samples
The hd-anti–IFN-g is an active pharmaceutical ingredient of an antiviral
commercial drug Anaferon for Children (OOO “NPF “Materia Medica
Holding,” Moscow, Russian Federation). Affinity-purified rabbit polyclonal Abs to human rIFN-g (stock concentration 2.5 mg/ml) were
manufactured in accordance with the current European Union requirements for GMP for starting materials (29) by Angel Biotechnology
Holdings (Penicuik, U.K.). The hd-anti–IFN-g were produced by the
GMP manufacturing facility of OOO “NPF “Materia Medica Holding,”
according to the technology described in the United States patent
8,535,664 (30). Briefly, Abs to IFN-g (2.5 mg/ml) were mixed with a
solvent (ethanol–water solution) at a ratio of 1:100 and underwent intensive vibration treatment to produce the first centesimal dilution
(i.e., 100-fold dilution). All subsequent dilutions comprised one part of
the previous dilution and 99 parts of solvent (ethanol–water solution for
intermediate dilutions and purified water for the preparation of the final
dilutions), with intensive vibration treatment between the dilution steps.
Finally, the hd-anti–IFN-g contain the mixture of 12th, 30th, and 50th
centesimal dilutions. The theoretical concentration reduction level of the
original Abs is 1 3 1024 at least. Thus, if we do not take into account the
physical aspects mentioned in the Introduction, the theoretical concentration of initial Abs might be 2.5 3 10224 mg/ml. This value is mentioned in this article only to avoid misunderstanding regarding the
dilution level. The highly diluted Abs to TNF-a (hd-anti–TNF-a) were
prepared using a similar method, but the starting solution contained
affinity-purified rabbit polyclonal Abs against human rTNF-a (stock
concentration 2.5 mg/ml). The placebo control containing no Abs was
prepared by applying identical procedure to purified water. The purified
water was used as vehicle. All solutions were prepared in glass vials
under sterile conditions protected from direct intense light and were
stored at room temperature. The samples were coded by manufacturer
and sent to research organizations in the United States (University of
Pittsburgh), Belgium (Euroscreen), the Netherlands (U-CyTech biosciences), and France (Apcis), where the corresponding studies were conducted independently. The samples were tested blindly.

Nuclear magnetic resonance spectroscopy
The coding sequence for human IFN-g without signal peptide (Thermo
Fisher Scientific) was cloned in frame with an N-terminal His6-tag, followed by a Strep-tag into the pET-28b(+) vector (Novagen). IFN-g was
amplified from cDNA in a two-step PCR using three primers (forward
primer 1: 59-CCGCAGTTCGAAAAAGGCGCGCCCCAGGACCCATATGTA-39; 59–forward primer 2: 59-TATACATATGGCTAGCTGGAGCCACCCGCAGTTCGAAAAA-39; reverse primer: 59-GTGCTAGTCGACGC
GGCCGCTTACTGGGATGCTCTTCG-39) to obtain a fragment introducing the Strep-tag as well as the restriction sites NheI and NotI required for
cloning into the pET-28(b+) vector. The complete construct was transformed
into Rosetta(DE3)pLysS competent cells (Lucigen). Double yeast tryptone
medium (16 g tryptone, 10 g yeast extract, and 5 g NaCl per liter [pH 7.4])
containing 50 mg/ml kanamycin was inoculated with a glycerol stock of
recombinant cells and incubated overnight at 37˚C with shaking (200 rpm).
One liter of the double yeast tryptone medium with 50 mg/ml kanamycin was

inoculated with the overnight culture to obtain a starting OD600 of 0.1. The
culture was split equally into three 2-l flasks and incubated at 37˚C with
shaking at 160 rpm until reaching an OD600 of 0.5–0.6. The cells were harvested by centrifugation (3000 3 g; 30 min), and the supernatant was removed.
Each pellet was resuspended in 0.3 l M9 minimal medium (6.6 g Na2HPO4,
3.0 g KH2PO4, 0.5 g NaCl, 0.4% glucose, 1.0 mM MgSO4, 0.1 mM CaCl2, 1.0
mg biotin, and 0.5 mg thiamine/l) supplemented with 1.0 g/l 15N-labeled
NH4Cl (Cambridge Isotopes) containing 50 mg/ml kanamycin and incubated
at 37˚C with shaking at 160 rpm for 1 h. Expression was induced by adding
isopropyl b-D-1-thiogalactopyranoside to a final concentration of 1.0 mM, and
the culture was incubated for 4 h at 37˚C with shaking at 160 rpm. The cells
were harvested by centrifugation, and the pellet was frozen at 220˚C.
The pellet was then thawed and resuspended in 5 ml of buffer A (50 mM
sodium phosphate [pH 8] and 300 mM NaCl) per 1.0 g of fresh weight. The
suspension was sonicated using six pulses of 10 s each, with a 10-s pause on
ice in between the pulses. The lysate was centrifuged at 5000 3 g at 4˚C for
15 min, and the pellet was further resuspended in the same amount of
buffer A. Following the centrifugation step at 5000 3 g at 4˚C for 15 min,
the pellet was resuspended in 5 ml of buffer B (100 mM sodium phosphate
[pH 8], 10 mM Tris, and 6.0 M guanidine hydrochloride) per 1.0 g fresh
weight of pellet and stirred for 1 h at room temperature. The suspension
was centrifuged at 15,000 3 g for 30 min at 4˚C, and the supernatant was
loaded onto a 5-ml Ni-NTA column (QIAGEN) that had been equilibrated
with five column volumes of buffer B. The column was washed with 10
column volumes of buffer B and 10 column volumes of buffer C (100 mM
sodium phosphate [pH 6.3], 10 mM Tris, and 6.0 M guanidine hydrochloride) before eluting the protein with four column volumes of elution
buffer (100 mM sodium phosphate buffer [pH 4.5], 10 mM Tris, and 6.0 M
guanidine hydrochloride). In total, 350 ml of refolding buffer (150 mM
NaCl, 100 mM glycine, 20 mM Tris [pH 8], 100 mM PMSF, and one
protease inhibitor tablet [catalog no. 04693132001; Roche]) were added
dropwise to the elution fractions at room temperature while stirring to
promote refolding of the protein. Subsequently, the solution was left at 4˚C
overnight under constant stirring. The following day, the solution was
concentrated using a filter device (10 kDa cutoff) to a volume of ∼5 ml.
The concentrated protein was loaded onto a Superdex 75 (16/60) gel filtration column after equilibrating the column with 120 ml of gel filtration
buffer (10 mM sodium phosphate buffer [pH 7.4], 150 mM NaCl, and one
protease inhibitor tablet). The loop was washed with 15 ml of gel filtration
buffer, and the sample was eluted at a flow rate of 1.0 ml/min with 1.5
column volumes of the same buffer into 2.0-ml elution fractions. The eluted
fractions containing the 15N-labeled IFN-g were pooled and concentrated to
0.4 mM using Amicon concentrators for nuclear magnetic resonance (NMR)
studies, and were analyzed at the final concentration of 50 mM.
The NMR experiments were performed at 25˚C on a Bruker Avance 900
MHz spectrometer equipped with a 5-mm, triple resonance, and z-axis
gradient cryoprobe. The two-dimensional (2D) 1H–15N spectra for IFN-g
alone were acquired using a standard heteronuclear single quantum coherence (HSQC) pulse sequence with 128 scans in the proton dimension
and 128 scans in the nitrogen dimension, with a delay of 1 s. For NMR
samples containing IFN-g with added highly diluted Abs or placebo,
spectra were acquired with 2048 3 34 scans. Data acquisition was performed using TopSpin version 3.0 software (Bruker BioSpin, Billerica,
MA). The spectra were processed and analyzed using NMR View (31) and
Sparky software (SPARKY 3; from T. D. Goddard and D. G. Kneller,
University of California, San Francisco). The observed backbone resonances were assigned using previously published NMR data that were
acquired under similar conditions for an IFN-g construct containing residues 1–133 (of 143 total residues) (32). Of the 133 expected backbone
amide signals, 130 were observed in the HSQC spectrum. We unambiguously assigned 128 of the 130 previously assigned residues in our sample.
For assignment purposes, a more highly concentrated sample than that
used for testing the effects of hd-anti–IFN-g was prepared and subjected to
2D 1H–15N HSQC spectroscopic analysis. This sample contained 400 mM
concentrated 15N-labeled IFN-g in 20 mM potassium phosphate buffer
(pH 6) containing 20 mM NaCl and 10% D2O, which was used to record
spectra. For the NMR experiments involving the hd-anti–IFN-g and placebo,
the test samples were added to 50 mM 15N-labeled IFN-g in 20 mM potassium phosphate buffer (pH 6), 20 mM NaCl, and 10% D2O. In each case,
the NMR samples were prepared in an identical fashion in three separate
tubes: 21.5 ml of IFN-g plus 113 ml of buffer (20 mM K2HPO4/KH2PO4 plus
20 mM NaCl plus 10%D2O, [pH 6]) was added to 42 ml of either placebo or
hd-anti–IFN-g to give a final concentration of 50 mM IFN-g.

Radioligand binding saturation assay
The assay was performed by adding the following reagents successively
to siliconized microcentrifuge tubes: 50 ml of assay buffer (RPMI 1640
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culture medium [12–115F; Lonza Bioscience] supplemented with 10%
FBS [CH30160.03; Perbio]), 25 ml of [125I]IFN-g (diluted in assay buffer
with 0.4% sodium azide at increasing concentrations [3.0, 1.0, 0.3, 0.1,
0.03, 0.01, 0.003, and 0.001 nM; 285-IF/CF; R&D Systems; customlabeling by Perkin Elmer]), and 25 ml of human monocyte-like cell line
U-937 suspension (85011440; Sigma-Aldrich; 1 million cells per tube,
diluted in assay buffer without sodium azide; 200 mg of total protein per
data point). To determine nonspecific binding 50 ml of IFN-g (285-IF/CF;
R&D Systems) (diluted in assay buffer without sodium azide to reach a
300-nM final concentration) was added to the well instead of 50 ml of
assay buffer.
The tubes were incubated for 150 min at 4˚C and then centrifuged. The
supernatant was removed, and the cell pellets were washed once with 1 ml
of ice-cold assay buffer. The tubes were centrifuged again, the supernatant
was removed, and the bottom of the tube containing the cell pellet was cut,
placed in counting tubes, and then counted with a Cobra Gamma Counter
(Packard Instrument) for 1 min/tube.
The Kd values were calculated using GraphPad Prism software and the
one-site binding (hyperbola) option. Dose-response data were analyzed
with XLfit software (IDBS Software Solutions) using nonlinear regression
applied to a sigmoidal dose-response model as described in the respective
GraphPad guide to analyzing radioligand binding data (33).

The assay was performed by adding successively the following reagents in
siliconized microcentrifuge tubes: 50 ml of either hd-anti–IFN-g (n = 5),
hd-anti–TNF-a (n = 5), vehicle (n = 4), buffer (n = 3) (assay buffer without
sodium azide), or IFN-g (diluted in assay buffer without sodium azide) at
increasing concentrations (0.001, 0.01, 0.1, 1.0, 10, and 100 nM), 25 ml of
[125I]IFN-g (diluted in the assay buffer with 0.4% sodium azide at the
concentration corresponding to the Kd = 0.14 6 0.05 nM, as determined by
the radioligand saturation binding assay; Supplemental Fig. 1), and 25 ml
of U-937 cell suspension (1 million cells per tube, diluted in assay buffer
without sodium azide; 200 mg of a total protein per data point in case of
determination of total ligand binding). The following procedure is the
same as for the saturation binding assay.

An IFN-g ELISpot assay
A human IFN-g ELISpot Kit (red spot; catalog no. CT230-PR2; U-CyTech
biosciences) was used to determine the effect of the hd-anti–IFN-g or
vehicle on the generation of IFN-g–producing cells in the population of 4
3 105 human PBMCs per well with standard cell stimulus. PBMC were
isolated from venous blood of a single healthy donor by density gradient
centrifugation. The procedure was performed according to the manufacturer’s instructions, with a few modifications. Briefly, PVDF membranebottom plates were prewetted and coated with capture Ab overnight at 4˚C.
Before starting the experiment, the culture medium was lyophilized
(duration 48 h). The dry substance was subsequently reconstituted in the
hd-anti–IFN-g (n = 6) or vehicle (n = 6) and then filter sterilized
(0.2 mm). U-CyTech biosciences (Utrecht, the Netherlands) provided
human PBMCs. The cells were resuspended in culture medium containing the hd-anti–IFN-g or vehicle and stimulated with the ICE Peptide
Pool (a pool of 23 viral peptides of influenza A virus, CMV, and EBV
epitopes recognized by CD8+ T cells, catalog no. CT370; U-CyTech
biosciences). The wells with unstimulated cells in medium reconstituted in vehicle were used as control for background spot counts.
PBMC were seeded at 4 3 105 cells per well in 100 ml in triplicate.
ELISpot plates were covered with lids and incubated at 37˚C, 5% CO2,
and 100% humidity for ∼20 h. After the incubation and washing, the bulk
of the cells was removed with a firm shakeout action, and biotinylated
detection Abs were added to each well for 1 h at 37˚C. Further, streptavidin–HRP solution was added into the wells for 1 h at 37˚C, followed by
3-amino-9-ethylcarbazole substrate yielding a colored zone (spot) for
25 min at room temperature. Color development was stopped by thoroughly rinsing both sides of the PVDF membrane with demineralized
water (produced in house), and plates were air dried at room temperature. The
colored zone reveals the site of cytokine secretion, and IFN-g–producing
cells were enumerated by analyzing the color development with an ImmunoSpot Image Analyzer (CTL, Oberndorf am Neckar, Germany).

Animals and in vivo experiments
Mice. In the study with H1N1 virus, 4–5-wk-old, 15–17-g (at viral challenge),
female BALB/c mice (Janvier Labs, Le Genest-Saint-Isle, France) were
randomly assigned into three groups of 20 mice each. In the study with
H3N8 virus, 5–7-wk-old, 14–18-g (at viral challenge), female BALB/c mice
(Charles River Laboratory, Sant’Angelo Lodigiano, Italy) were randomly

assigned into four groups of 20 mice each. The mice were housed 10 per
cage with high-efficiency particulate air filters (Charles River Laboratory)
in biosafety level 2 containment facilities at the Bio Medical Research
Center of Alfort National Vet School, Maisons Alfort, France. The mice
were fed a sterile rodent maintenance diet (A010-Safe, F89 Augy) and still
water (Beaupré). All the studies using live viruses were performed under
biosafety level 2 enhanced containment. The animal studies were conducted under applicable laws and guidelines and were compliant with the
National Research Council recommendations (34–36). The studies were
approved by the Institutional Ethics Committee of Bio Medical Research
Center of Alfort National Vet School (no. C2EA-16, from October 2011;
Maisons Alfort, France).
Viral challenge. Madin–Darby canine kidney cells were incubated in
complete RPMI 1640 medium supplemented with 5% FCS at 37˚C in a
humidified atmosphere with 5% CO2. Stocks of the influenza A viruses A/
Equi2/Miami/1/63(H3N8) and A/California [A/California/07/2009(H1N1)
pandemic] were grown in embryonated hen eggs (F-38 Grenoble;
Lohmann Hatcheries) after eventual passages in mice (2 and 0, respectively, for each strain). All strains were obtained by courtesy of the Pasteur
Institute Flu Laboratory, Paris, France. Virus stocks were prepared from
allantoic fluid and stored in aliquots at 270˚C. The viral titers of the
Equi2/Miami/1/63 and A/California/07/2009 stocks (3 3 108 PFU/ml and
1.4 3 108 PFU/ml, respectively) were determined by standard plaque assay
using Madin–Darby canine kidney cells (37). The infectivity of these viral
strains in our mouse model was titrated by intranasal infection with 4-fold
serial dilutions of the viruses in Eagle’s MEM to determine the LD50, and
the challenge dose was adjusted thereafter to the closest multiple of LD50
corresponding to the calculated LD90 in all experiments. The LD50 titers
were calculated using the method described by Reed and Muench (38). LD
titration of stock virus in 7-wk-old female BALB/c mice was performed by
intranasal inoculation of groups of five mice with 40 ml of 4-fold serially
diluted virus in PBS (pH 7.2) (Difco Laboratories). Mice were monitored
for the development of signs consistent with influenza infection for 7 d and
were euthanized if their clinical status met any of the following criteria:
loss of 20% of the prechallenge body weight, development of any neurologic or respiratory signs, or an inability to eat or drink.
The mice were challenged intranasally with two LD50 equivalents of
influenza A/California/07/2009(H1N1) pandemic strain or five LD50 of
influenza A/Equi2/Miami/1/63(H3N8) strain in 50 ml of sterile saline divided equally between both nostrils. The unchallenged mice received a
diluent alone (PBS). The mice were weighed before infection and then
every 3 d for the duration of the experiment.
Treatment administration. In H1N1 study, the hd-anti–IFN-g were administered by gavage twice daily with a 7-h interval between the doses of
0.2 ml/mouse (i.e., 0.4 ml/mouse/d), starting 5 d before and up to 21 d after
the challenge, as has been reported previously (19). In parallel to the gavages, the hd-anti–IFN-g were added in the drinking water at a ratio of 1:3
(changed daily). Taking into account that the mean water uptake of mice is
5.7 6 0.2 ml/30 g body weight (39) and body weight of mice in this experiment was 18–20 g, the hd-anti–IFN-g uptake from drinking tank was
calculated to be ∼0.903 ml/mouse/d. In H3N8 study, the hd-anti–IFN-g
were administered in the same way but up to 26 d after challenge and
without adding to the drinking water. Oseltamivir, which was proven to
have antiviral activity against influenza virus within preclinical studies
(40, 41), was used as the reference drug. Oseltamivir solution was prepared
the day before the challenge by dissolving the contents of 75 mg capsule of
Tamiflu (oseltamivir; Roche, Welwyn Garden City, U.K.) in purified water
(H1N1 study) or in 0.9% NaCl (H3N8 study) up to concentration of 0.4
mg/ml. Oseltamivir (10 mg/kg/d in H1N1 study or 4 mg/kg/d in H3N8
study) was administered by gavage twice daily with a 7-h interval between
the doses either alone (both studies) or in combination with the hd-anti–
IFN-g (in H1N1 study) (i.e., 0.4 ml/mouse/d starting from 1 h to 5 d after
the challenge). Five days before the challenge and from day 6 to 21 (H1N1
study) or 26 (H3N8 study) after the challenge, the mice from these groups
received water in the same volume but without oseltamivir. The control
group of the infected mice received vehicle (drinking water) (0.4 ml/mice/d)
using the same dosage regimen as the hd-anti–IFN-g group. The mice in
the control (both studies), in oseltamivir only and in oseltamivir plus hdanti–IFN-g (H1N1 study) groups received plain drinking water (replaced
daily) in the respective drinking tanks during the experiments.
It should be mentioned that the combination of oseltamivir and the hdanti–IFN-g was tested against influenza A [A/California/07/2009(H1N1)
pandemic] only. This strain of virus, but not A/Equi2/Miami/1/63(H3N8),
was chosen because it was responsible for the swine flu pandemic in 2009–
2010.
Testing of the original Abs to IFN-g was considered not suitable because
orally given proteins and peptides (and Abs particularly) typically and
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without specific modifications have extremely low bioavailability in the
concentration range of around 0–2% (42, 43). However, oral administration of the diluted protein solutions could decrease the rate of protein
proteolysis and accelerate its diffusion through the intestinal mucosa (44).
Therapeutic efficacy of tested treatments in mice. In the survival study, the
mice were observed daily for 21 or 26 d postinfection to record the death rate
(H1N1 and H3N8 studies, respectively). In H1N1 study, mice were
weighted once before (5 d before inoculation) and five times after the
challenge (exactly after the challenge and then on days 5, 7, 12, and 19 after
inoculation), always after 5.00 PM. In H3N8 study, mice were weighted at
least twice a week starting from 10 d before inoculation till 26 d after
inoculation, always after 5.00 PM.

spectrum allow identification of the backbone NH groups of residues E39, W37, and D42 (see labels in Fig. 2B). One can see very
clearly how these three peaks change their relative intensity (increase) upon addition of hd-anti–IFN-g. Thus, the 1D proton
NMR spectroscopic analysis of IFN-g in the presence and absence
of the hd-anti–IFN-g indicates that there are changes in the local
environment of a number of peaks in both backbone and side
chains of amino acids of the molecule. These changes suggest that
there are conformational changes in IFN-g.

Statistical methods

1

Statistical analysis was performed using SAS 9.4. Descriptive statistics were
represented as median, lower and upper quartiles (radioligand binding
competition assay), median and interquartile range (ELISpot), mean values
for survival (in vivo), and mean and standard deviations for weights
(in vivo). Reported p values are adjusted for multiple comparisons. Multiplicity adjustments were performed on analysis of each experiment individually. ELISpot data were analyzed using the exact Wilcoxon test.
Radioligand binding competition assay data were analyzed using the exact
Wilcoxon test with Dwass–Steel–Critchlow–Fligner multiple comparison
procedure. The p value multiplicity adjustment for this data was performed
with Holm method (step-down Bonferroni, PROC MULTTEST). H3N8
and H1N1 survival data were analyzed using the log-rank test (PROC
LIFETEST) with the Bonferroni adjustment for multiple comparisons.
H3N8 and H1N1 weight data were analyzed using a repeated measures
ANOVA model (PROC MIXED). Group, day, and group by day interaction factors were included. Applicability conditions of mixed model
were assessed using Q–Q plot for residuals. Pairwise comparisons were
performed using least-squares means estimates with Holm multiplicity
adjustment method.

Because of the expected overlap in 1D proton spectra, only three
protons could be assigned in this spectrum (E39, W37, and D42).
Resolving the overlap requires increasing the dimensionality and
decreasing the number of peaks in an NMR spectrum. This can be
accomplished by combining 1H NMR with one or more nuclei,
such as carbon or nitrogen, also abundant in proteins. However,
the natural abundance of the corresponding NMR-active isotopes
are low, and therefore, they need to be enriched in a recombinant
system. We therefore expressed IFN-g in Escherichia coli and
purified it to enable incorporation of the NMR-active nucleus of
nitrogen, 15N. This allows application of a pulse sequence, the
HSQC, that selects only those protons connected to another nucleus, and we chose 15N. The smaller number of signals and the
second dimension of the spectrum will allow resolving the majority of NH backbone signals of IFN-g. This has been done
previously (32) and we can therefore use the existing assignment
of peaks to label all of the cross-peaks in the spectrum. The 2D
1
H–15N HSQC spectrum recorded on a 900-MHz NMR spectrometer for IFN-g alone (blue) and for IFN-g in the presence of
the hd-anti–IFN-g or placebo (red) is shown in Fig. 3A, 3B, respectively. We were able to assign nearly all of the backbone NH
peaks for IFN-g alone using the prior assignment (32). The
spectrum for IFN-g with the hd-anti–IFN-g or placebo, respectively, was recorded under the same conditions as for IFN-g alone
except that the concentration of IFN-g alone was higher, allowing
us to collect a larger number of increments in the nitrogen dimension (see Materials and Methods). This was necessary to assign all peaks while keeping the sample requirements low to
enable the largest possible volume of addition of the hd-anti–IFNg or control, respectively. We used placebo as a control, whereas
water without the anti–IFN-g Abs was subjected to the same
treatment as the Ab-containing samples. Thus, this control is more
stringent than just buffer used in the 1D NMR experiments shown
in Fig. 2. The comparison between placebo spectra (recorded
under identical conditions as that of the hd-anti–IFN-g; shown in
Fig. 3A) and IFN-g alone is shown in Fig. 3B.
First, we inspect the spectral changes observed upon addition of
the hd-anti–IFN-g, shown in Fig. 3A. There are many red peaks
that are not observed in IFN-g alone (blue peaks), but they lie
outside of the assigned peaks and may correspond to an aggregated conformation that is very different from the conformation
for which peaks and structure have been assigned. If we zoom in
on the spectrum in the region of assigned peaks, we can see that
the centers of red signals are shifted. For example, the change in
the peak position of aspartic acid at position 42 corresponds to the
change of the local environment for this amino acid, confirming
our finding with unlabeled IFN-g in the 1D proton NMR spectra
shown in Fig. 2. The resolution and assignment of many more
peaks allowed us to identify a number of additional changes. A
total of 13 peaks had shifted after addition of the hd-anti–IFN-g.
The clearly shifted peaks in the IFN-g plus hd-anti–IFN-g spectrum were identified as A9, E39, E40, D42, I45, Q47, I50, F82,

The hd-anti–IFN-g induce conformational changes in IFN-g:
1
H NMR spectroscopy
The experimental method of choice to study the influence of hdanti–IFN-g on the structural properties of IFN-g is using highresolution solution NMR spectroscopy. The advantage of NMR
spectroscopy over other protein structure investigation techniques,
such as x-ray crystallography and cryogenic electron microscopy,
is that it is applied to samples in their aqueous solution environment, and it is possible to detect transient interactions between
ligands and proteins (45). The success of protein NMR spectroscopy is based on the fact that chemical shifts of nuclei in a protein
are highly susceptible to changes in the local environment of those
nuclei. Thus, we can use chemical shifts as reporters for potential
structural effects of the hd-anti–IFN-g on its target, IFN-g (Fig. 1).
Commonly used NMR-active nuclei in proteins include proton
and nitrogen. The natural abundance of 1H is 100%, and therefore,
proton NMR spectra can be measured with proteins that are not
enriched in isotopes (i.e., those that are unlabeled). The onedimensional (1D) 1H spectrum for unlabeled IFN-g alone acquired on a 900-MHz spectrometer is shown in Fig. 2. The 1D
spectrum gives an overview of the profile of IFN-g and confirms
feasibility of further NMR studies. Water absorbs at 4.7 ppm, with
OH protons in its vicinity, whereas chemical shifts to the left
(higher parts-per-million values) predominantly arise from NH and
aromatic protons, whereas those around 0 ppm arise from aliphatic
side chains. Shown in Fig. 2A is the full 1H range, whereas Fig. 2B
shows an enlargement of the peptide backbone (NH) containing
range. We can see that there is a large number of differences observed between IFN-g alone (bottom spectra) and IFN-g, to which
the hd-anti–IFN-g had been added. Several peaks changed their
intensities, with new peaks appearing and some peaks missing.
Overall, the peaks in the control spectrum are broader and, therefore, less intense, as evidenced by the lower signal-to-noise ratio at
the same number of scans. Areas with less signal overlap in the 1D
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The hd-anti–IFN-g induce conformational changes in IFN-g:
H,15N-HSQC NMR spectroscopy
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FIGURE 1. Three-dimensional structure of IFN-g.
Protein Data Bank (PDB) identifier (ID) code 1FG9
was used. IFN-g has 127 aa (aa 0–126). We used the
numbering from the PDB file shifted by 1 in referencing residues throughout the manuscript. (A) Atomic
representation of the IFN-g dimer. Each monomer is
shown in green and turquoise, respectively. (B) Secondary structure representation of the IFN-g dimer.
Color coding and view as in (A). (C) Secondary
structure representation of the turquoise monomer and
atomic representation of the green monomer. View as
in (A). (D) Reverse of (C), with secondary structure
representation of the green monomer and atomic representation of the turquoise monomer. View as in (A).

(48). We used an ELISpot assay to detect and quantify the effects
of the hd-anti–IFN-g on IFN-g–producing cells in vitro. PBMC
were resuspended in a culture medium containing the hd-anti–
IFN-g or vehicle and stimulated with the ICE Peptide Pool.
The number of IFN-g–producing cells in a medium containing the
hd-anti–IFN-g was significantly higher (40 spots [interquartile
range = 13]) in comparison with 26 spots [interquartile range = 4]
in vehicle [p , 0.05]) (Fig. 4). The unstimulated cells in background wells showed no activity (Supplemental Fig. 2).

The hd-anti–IFN-g improves binding of IFN-g to the
IFN-g receptor
Human monocyte-like cell line U-937 abundantly expresses highaffinity receptor to IFN-g (46). To verify and quantify highly specific binding of IFN-g to its receptor on U-937 cells, we performed
a competition binding assay. The data indicate that there was a
single class of high-affinity binding sites with the binding inhibition
constant (Ki) equal to 1.1 3 1029 (0.1–1 3 1029 reported by van
Loon et al. (47) [1991]). The treatment of U-937 cells with the hdanti–IFN-g resulted in a significant increase in the specific binding
of [125I]IFN-g to IFN-g receptor (percentage of specific binding in
buffer control) versus both vehicle and hd-anti–TNF-a (p , 0.05):
148.92 (148.20; 155.44) versus 119.50 (99.20; 129.64) percentage
(vehicle) and 109.11 (73.22; 143.82) percentage (hd-anti–TNF-a).
The hd-anti–IFN-g stimulate in vitro IFN-g production
by PBMCs
Earlier, we have shown that IFN-g production was significantly
augmented as a result of treating animals with the hd-anti–IFN-g

FIGURE 2. 1D NMR spectroscopic analysis of the interaction between
the hd-anti–IFN-g and IFN-g. Comparison of unlabeled IFN-g alone, the
negative (2) control (bottom spectra, identified as -control) with the
sample, unlabeled IFN-g in the presence of the hd-anti–IFN-g (top spectra,
identified as positive [+] for added hd-anti–IFN-g). The experiment represents an average of 10,240 scans at 25˚C. Water suppression was
achieved by excitation sculpting with gradients. (A) Full-range proton
spectrum showing all protons in the sample. In addition to IFN-g protons,
there are several buffer peaks of high intensity (off scale). (B) Zoom-in
showing the peptide backbone range.
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F83, and S85, as well as V117, A119, and E120 at the C terminus
(Table I). The corresponding alterations were not observed when
the placebo control was added (Fig. 3B).
Superimposition of all the changes in chemical shift parameters
that we observed upon addition of the hd-anti–IFN-g, but not
placebo, onto the three-dimensional structure of IFN-g is shown in
Fig. 3C, alongside with the zoomed in regions of the NMR
spectra. The different colors indicate the magnitude of chemical
shift that we observed. Highest changes are depicted in red and
blue, moderate changes in yellow. Pink and greenish colors indicate residues located at the interface between dimers. For comparison, we show as an inset the structure image from Fig. 1 to
highlight the positions of the two monomers in the dimer. This
comparison reveals that many of the changes are observed at this
interface region. Out of 13 residues with shifted peaks, seven are
positioned at the dimer interface of IFN-g: E39, E40, D42, Q47,
F82, V117, and A119 (Fig. 3C). Some of the peaks with a major
increase in intensity were the ones we already identified in the 1D
1
H spectrum of unlabeled IFN-g: E39, W37, and D42 (Fig. 2B).
The three identified peaks with increased intensity upon the hdanti–IFN-g treatment are all situated close to the bend between
helices B and C at the center of the dimer interface of IFN-g. The
data strongly suggest that there is a change in structure of IFN-g
focused on the interface between the two monomers and, thus,
will likely affect the monomer–dimer equilibrium of IFN-g.
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FIGURE 3. 2D NMR spectroscopic analysis of the interaction between the hd-anti–IFN-g and IFN-g. (A) Overlay of 15 N–1 H–HSQC spectra of
IFN-g in the absence (blue) or presence (red) of the hd-anti–IFN-g. The 2D 1 H–15N spectra for IFN-g alone (blue) were acquired with 128 scans in
the proton dimension and 128 scans in the nitrogen dimension at 25˚C. For NMR samples containing IFN-g with added highly diluted Abs were
acquired with 2048*34 scans (red). (AI) Overview of the whole spectrum; (AII and AIII) expansion of local regions of rhe spectrum shown in AI. (B)
Overlay of 15N–1H–HSQC spectra of IFN-g in the absence (blue) or presence (red) of placebo. Data acquisition as in (A). (C) Structural mapping of
the 13 chemical shift changes observed in IFN-g upon its interaction with the hd-anti–IFN-g alongside their expanded regions for each individual
residue (note that each residue appears in the image twice because of the dimer formation). The domain-swapped active dimer of IFN-g is represented as a ribbon diagram in pink (Chain A) and cyan (Chain B) to highlight individual chains. The signals that showed chemical shift changes
in the range 0.01–0.02 and 0.02–0.04 ppm are represented as blue and red sticks, respectively (see Table I). Weaker changes were observed for
V117 and I45 (yellow sticks, black labels). The corresponding spectra are shown to the left for residues at the dimer interface and on the right for
those outside of the interface. Hotspots of interaction are highlighted by mesh (i.e., the dimer interface at the mirror plane of the two monomers and
the C-terminal chain interfaces). (BI) Overview of the whole spectrum; (BII and BIII) expansion of local regions of the spectrum shown in BI. The
inset shows the same image as in Fig. 1B to help the viewer identify the two monomers in the dimer. View and Protein Data Bank (PDB) identifier
(ID) as in Fig. 1.
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Table I. Chemical shift changes in IFN-g NMR spectra induced by hd-anti–IFN-g addition

IFN-g residue
number

Peaks That Disappeared or Completely
Changed

Residues That Exhibited Shifts
(0.01–0.02 ppm)

Residues That Exhibited Maximum Shift
(0.02–0.04 ppm)

I45 and V117

A9, E39, E40, F82, F83, S85, and
E120

D42, Q47, I50, and A119

This finding indicates that the hd-anti–IFN-g participate in
regulating IFN-g levels by enhancing IFN-g secretion and/or inducing proliferation of IFN-g–producing cells. Images of the individual plates can be found in the Supplemental Fig. 2.
The hd-anti–IFN-g increase survival of mice with influenza
A infection

Discussion
In our previous studies, we demonstrated that the biological effects
of high dilutions of Abs are very specific. For instance, when we
assessed the effects of the in vivo administration of highly diluted
biologics on cytokine secretion, we observed that only treatment
with the hd-anti–IFN-g led to the increase of IFN-g production by
murine lymphocytes, whereas the highly diluted Abs to erythropoietin, hd-anti–TNF-a, or placebo exerted no significant effect
(48). We also showed that the affinity of Ag–Ab interaction (IFNg and Abs to IFN-g, respectively) was altered in the presence of
the hd-anti–IFN-g (27).
Thus, the specificity of these effects led us to hypothesize that the
highly diluted Abs may act directly on the target Ag allosterically,
causing conformational changes similar to those sometimes observed during Ab–Ag binding. For example, binding of an Ab to
an Ag may induce allosteric effects resulting in the Ag’s conformational changes (28). mAbs recognizing human growth hormone
were shown to cause allosteric changes in the hormone that affected binding to its receptor and modified the hormone’s biological activity (49).
In the current study, we assessed effects of the hd-anti–IFN-g on
the molecular structure and biological functions of IFN-g. First,
we used high-resolution solution NMR spectroscopy to detect
any conformational changes in the IFN-g molecule occurring in
the presence of hd-anti–IFN-g. The mature human IFN-g is a
homodimer of two subunits each composed of 143-aa residues
with total molecular mass of 45 kDa (50). The IFN-g monomer
consists of a core of six a-helices and an extended unfolded

FIGURE 4. Treatment with the hd-anti–IFN-g enhances IFN-g production by peptide pool–stimulated PBMCs. ELISpot analysis of IFN-g–
producing cells was performed on human PBMC culture stimulated with
the ICE Peptide Pool in the presence of hd-anti–IFN-g or vehicle. *p , 0.05,
versus vehicle.

Downloaded from http://www.jimmunol.org/ by guest on October 10, 2021

BALB/c female mice were inoculated intranasally with either
influenza A/H1N1 or A/H3N8 and treated orally with the hd-anti–
IFN-g (starting 5 d before and up to 21 d or 26 d after the challenge, respectively), vehicle (drinking water), the classic antiviral
drug oseltamivir (Tamiflu), or a combination of the hd-anti–IFN-g
and oseltamivir (for H1N1). The mortality and body weight were
used as endpoints of the study. The animals treated with the hdanti–IFN-g exhibited increased survival rates (Fig. 5). The hdanti–IFN-g were at least as effective in reducing mortality as
oseltamivir alone, with survival rates of 95 versus 75% for H3N8
(p . 0.05) and 80 versus 70% for H1N1 (p . 0.05), statistically
significant difference versus vehicle (20% for H3N8 and 30% for
H1N1) was found for each treatment group (p , 0.05). The survival rate of combined treatment with the hd-anti–IFN-g and
oseltamivir was 75 versus 70% of oseltamivir alone for H1N1
(p . 0.05). At the end of the study, the body weight loss was
significantly lower in all treatment groups compared with vehicle
group (p , 0.05) for H3N8 infection; no significant differences
were found for the body weight loss in the groups of animals with
H1N1 infection (Fig. 6).

sequence in the C-terminal region (12, 51). The biologically active
dimer is formed by antiparallel interlocking of the two monomers.
Addition of the hd-anti–IFN-g to the IFN-g sample introduced
both global and specific changes in the NMR spectrum. Overall,
the intensity and the resolution of the spectrum improved. We
found a total of 13 aa that show a change in position or intensity
upon addition of the hd-anti–IFN-g, but not placebo.
Seven of the residues with chemical shift changes in our spectra
were assigned to residues located at the dimer interface and including the C terminus of IFN-g. Fig. 2B clearly shows the
sharpening of 1H resonances in IFN-g upon the addition of hdanti–IFN-g. Based on this result and the high dilution of anti–IFNg and, thus, low concentrations of hd-anti–IFN-g, we can rule out
the formation of an hd-anti–IFN-g/IFN-g complex. Such a large
complex would result in very broad peaks because of the high
molecular mass of the complex, and it would not be possible to
resolve resonances by NMR. Thus, it follows that the observed
chemical shifts are due to a transient interaction of IFN-g with
hd-anti–IFN-g. The observed increase in intensity and sharpness
of the resonances and the appearance of new peaks are indicative
of a change in the monomer–dimer equilibrium. Because the IFNg dimer is formed by domain swapping (see Fig. 1), in which
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individual secondary structure elements such as helices are taking
the corresponding place in the other structure, the interface is
extended over a wide range of the structure, and a change in
oligomerization state actually requires at least partial unfolding of
the structure. Thus, the most general conclusion we can draw from
the changes in chemical shifts observed by NMR spectroscopy is
that there is a change in structure of IFN-g induced by the addition
of hd-anti–IFN-g, with particular emphasis on the dimer interface.
Likely, such steric changes in the dimer structure could potentially
affect the stability of the dimer, alter oligomerization kinetics of
IFN-g, and influence stoichiometry of the IFN-g/IFN-g receptor
complex. These are all hypotheses that can be tested in future indepth studies of oligomerization states and kinetics, as has been
done previously for the study of the equilibrium between monomeric, dimeric, and oligomeric states in the absence of hd-anti–
IFN-g (52).
Responses to IFN-g are activated through its interaction with
a high-affinity heterodimeric receptor consisting of IFN-g receptor
1 (IFNGR1) and IFNGR2. IFN-g binding to the receptor activates the JAK–STAT pathway. Through its C-terminal region,
IFN-g also binds (but with lower affinity) to the glycosaminoglycan heparan sulfate at the cell surface. This interaction inhibits
IFN-g biological activity as well as possibly protecting it from

proteolytic cleavage and regulating tissue targeting and local accumulation (53). Interestingly, intracellular IFN-g has been
reported to possess biological activity without the recognition of
the extracellular domain of its high-affinity receptor. It was suggested that a complex consisting of activated Stat1a in association
with IFNGR1 undergoes nuclear translocation in the presence of
human IFN-g, as the IFN-g C-terminal peptide contains a nuclear
localization signal (54).
Thus, we next examined if the hd-anti–IFN-g could alter the
ligand–receptor interaction, taking into account that biologically
active form of IFN-g is a dimer (50) and IFN-g binds to its receptor as a dimer (55). In addition, the C-terminal region of IFN-g
molecule, which exerted spatial changes observed by NMR, plays
a critical role in its binding to IFN-g receptor and IFN-g signaling
(54, 56). The results of the radioligand binding competition assay
demonstrated that the hd-anti–IFN-g enhanced the specific binding of IFN-g to its receptor.
IFN-g is a proinflammatory cytokine and is mainly produced
by NK, NKT, innate lymphoid cells, CD4+ Th1, and CD8+ CTL
and by professional APCs such as macrophages, dendritic cells,
and B cells. IFN-g exerts protective effects through upregulation
of cellular immunity, activation of macrophages, and induction of Th1 differentiation. Th1 cells, which secrete IFN-g, are

FIGURE 6. The hd-anti–IFN-g improve weight of female BALB/c mice with influenza A infection. (A) The hd-anti–IFN-g exhibited antiviral activity
against influenza A [A/California/07/2009(H1N1) pandemic] with efficacy comparable with oseltamivir (p . 0.05), as demonstrated by increased total live
weight per treatment group compared with those in the challenged vehicle group. No significant differences were found in total live weight per treatment
group compared with those in the challenged vehicle group (p , 0.05). (B) The hd-anti–IFN-g exhibited antiviral activity against influenza A [A/Equi2/
Miami/1/63(H3N8)] with efficacy comparable with oseltamivir (p . 0.05), as demonstrated by increased total live weight per treatment group compared
with those in the challenged vehicle group (p , 0.05). **p , 0.01 versus vehicle.
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FIGURE 5. The hd-anti–IFN-g protect female BALB/c mice against influenza A infection (A) The hd-anti–IFN-g exhibited antiviral activity against
influenza A [A/California/07/2009(H1N1) pandemic] with efficacy comparable with oseltamivir (p . 0.05), as demonstrated by increased survival rates
compared with those in the challenged vehicle group (p , 0.05). In addition, the hd-anti–IFN-g in combination with oseltamivir improved antiviral activity
of the reference drug (p . 0.05). *p , 0.05 versus vehicle, **p , 0.01 versus vehicle. (B) The hd-anti–IFN-g exhibited antiviral activity against influenza
A [A/Equi2/Miami/1/63(H3N8)] with efficacy comparable with oseltamivir (p . 0.05), as demonstrated by increased survival rates compared with those in
the challenged vehicle group (p , 0.01). **p , 0.01 versus vehicle.
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promoted tby IFN-g, IL-12, IL-23, and IL-27 through STAT1,
STAT4, and T-bet activation. IFN-g, IL-12, and IL-27 are part of
a positive regulatory feedback loop that enhances the production
of these cytokines in the same or different cell types by acting
through the cytokine-specific receptors (57). IFN-g was found to
be a powerful upregulatory stimulus for its own gene expression
in human PBMC (58). Also, it was shown that the treatment
of PBMC with IFN-g resulted in the secretion of IFN-g after
24–48 h (59).
To explore the effect of the hd-anti–IFN-g on IFN-g production,
we treated human PBMCs and measured the number of IFN-g–
secreting cells using an ELISpot assay. We show that the hd-anti–
IFN-g positively regulate viral peptide pool-induced IFN-g secretion.
Possible mechanisms may involve improving the effectiveness of Ag
presentation or functional activation of CD8+ cytotoxic T cells. Also,
our results might be considered as an indirect evidence of the hdanti–IFN-g regulation of positive feedback loop through the activation of the IFN-g signaling pathway.
IFN-g plays a critical role in the innate and adaptive immunity
against viral and bacterial infections (57). IFN-g is able to inhibit
viral replication directly, but most importantly, the cytokine possesses immunostimulatory and immunomodulatory effects (57).
IFN-g is produced during acute stages of influenza A viral infection and can be detected in the upper respiratory tract secretions and in the serum. However, based on findings in animal
models [using injection of neutralizing anti–IFN-g Abs (60) or
IFN-g2/2 (61) and IFN-gR2/2 (62) mice], it was concluded that
control of influenza A infection generally does not depend on IFNg. Evasion mechanisms employed by influenza A virus play an
important role in this ineffectiveness (63). Interestingly, it was still
possible to achieve IFN-g–specific control of influenza A virus in
mouse models. In these cases, animals were either pretreated
with IFN inducer polyriboinosinic-polyribocytidylic acid (64) or
treated with high doses of IFN-g at the early stage of infection
(65). Thus, pretreatment of animals with the hd-anti–IFN-g may
override resistance of influenza A virus to IFN-g. In an in vivo
study, we examined the hd-anti–IFN-g antiviral activity against
influenza A virus in a mouse model using a 5-d pretreatment
protocol. We showed that the hd-anti–IFN-g was effective against
influenza in vivo. These data are in the agreement with our previous reports (19, 22, 23).
Previously, the mechanism of action of a therapeutic drug
containing as a main component the highly diluted Abs to the
b-subunit of the insulin receptor was studied. We revealed the
action of drug on the target molecule (b-subunit of the insulin
receptor) (66) and further expanded the research to study the effects at the organismal level (67, 68). In addition, the results of a
randomized, placebo-controlled, double-blind clinical trial of this
drug efficacy and safety in type 1 diabetes mellitus have been
recently published (8).
The results of the current study allow us to conclude that unlike
traditional Ab-based drugs, the highly diluted Abs act by inducing
conformational modifications in their targets, which then affect
interactions of the modified targets with the respective receptors
and thus finally orchestrate the target-dependent biological pathway. Highly diluted biologics offer a revolutionary approach for
development and clinical application of Ab-based drugs.
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