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Abstract

Graft failure and graft-versus-host disease are the main limiting factors for the engraft-
ment of not only xenogeneic but also allogeneic grafts. Long-term engraftment of human
immune cells in mice with severe combined immunodeficiency and IL2rg deletion is key
to the success of long-term studies in modeling human immunodeficiency virus (HIV)
infection. Human peripheral blood mononuclear cells were injected intravenously into
males of one strain and females of two other strains of immunodeficient mice. Before the
injection of human cells, mice of each strain were irradiated with three different doses.
Interleukin-2 was administered to 50% of mice within 5 days of human cell injection. Its
effect was assessed by monitoring graft-versus-host disease, survival, complete blood
count (CBC) indices, quantification of human cells in whole blood, pathological changes,
and immunohistochemical detection of human cells in tissues. Furthermore, the applica-
bility of correlating immune-inflammation indices with mouse body weight (BW) dynam-
ics, graft-versus-host disease (GVHD) progression, degrees of chimerism and human T-
helper cells was determined for the first time. As a result of this work, a panel of bi-
omarkers was developed for predicting the long-term welfare of mice with elements of
the human immune system (HIS) in long-term studies, including HIV testing.

Keywords: graft-versus-host disease; peripheral blood mononuclear cells; T-helper cells;
immune-inflammation indices; human immunodeficiency virus

1. Introduction

For relevant modeling of chronic diseases, including infectious diseases such as HIV
infection or viral hepatitis, the duration of observation is a primary characteristic. The
development of the HIS-mice is a prerequisite for the development and testing of an-
tiretroviral therapy agents and protocols. However, even in humans, engraftment of al-
logeneic grafts still requires careful immunocorrection and control of GVHD. Conversely,
failure or hypofunction of the graft itself can lead to inadequate humanization, although
lethal GVHD does not develop. In humans, one of the primary graft failure scenarios is
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the regeneration of the recipient’s absolute neutrophil count in the absence of donor
chimerism. Secondary graft failure is characterized by recipient cytopenia with loss of do-
nor hematopoiesis, developing after introduction of a graft with high donor chimerism
[1]. Thus, both the welfare of the animals themselves and the viability of the grafts are of
key importance.

The most commonly used mice for the generation of HIS-mice are NSG, NOG, or
NRG mice [2-4]. Due to the knockout of the 1I2rg gene, they lack some of the cytokine
transduction pathways that lead to a deficiency of functional natural killer cells. This ben-
eficial property allows for the delay of the development of severe GVHD. At the same
time, the administration of small doses of interleukin-2 (IL-2ad) specifically restores the
homeostasis of regulatory T cells in both mice and humans, including those with chronic
GVHD [5,6]. Furthermore, small doses of IL-2 allow for an increase in the survival time of
allogeneic grafts in HIS-mice [2]. However, due to the short half-life of exogenous IL-2,
the effect is short-lived, even with daily injections for several days in a row [7]. On the
other hand, immunodeficient mice express their own major histocompatibility complex
(MHC), which, upon detection of human leukocyte antigen (HLA), triggers MHC-HLA-
mediated immune mechanisms [3,4]. In addition, low doses of IL-2 stimulate the periph-
eral expansion of recipient CD4* and CD8* regulatory T-cells, promoting the progression
of GVHD, since human IL-2 similarly stimulates the proliferation of murine T-cells [2,8].
Therefore, it was important for us to determine the impact of IL-2 administration on both
engraftment and GVHD progression.

The HIS-mice, which were engrafted with human peripheral blood mononuclear
cells (hPBMCs-mice), achieved rapid reconstitution of human immune cells. However,
xenogeneic GVHD develops relatively early in mice [9]. Despite this, hPBMCs-mice are
simpler to use, and sufficient concentrations of circulating human cells were achieved 14—
21 days post-injection (d.p.i.). These checkpoints are commonly used for experimental
HIV infection. In addition, 21 days is the minimum observation window for determining
the dynamics of circulating hCD4* T cell concentrations in the blood of mice after HIV
infection. Thus, 42 d.p.i. is a sufficient time period for observation when modeling HIV
infection in hPBMCs-mice.

HIV primarily infects hCD4* T cells, so the hCD4+*: hCD8* T cells ratio is one of the
factors used to assess the readiness of human cells for in vivo infection [10]. Manipulations
with HIV-infected animals require strict biosafety regulations and highly qualified per-
sonnel. Therefore, it is important to ensure that the welfare of the HIS-mice allows for the
completion of the study within the established timeframe, the grafts are able to maintain
their integrity, and GVHD does not critically impact the results.

In most xenograft studies, GVHD in mice is assessed using indirect signs such as BW
loss, posture changes, decreased mobility, deterioration in fur quality, etc. [11]. These are
the most accessible monitoring methods and do not require sophisticated equipment.
However, they provide only a limited understanding of the severity of GVHD. Therefore,
clinical signs of GVHD may be identified late or misinterpreted [12,13]. Laboratory test
results allow for a more accurate assessment of the welfare of animals. Therefore, identi-
tying signs of graft hypofunction and GVHD progression using CBC indices in mice is
also of paramount importance for long-term xenograft studies.

Monocytosis can be a reliable criterion for determining the likelihood of developing
chronic GVHD, and thrombocytopenia is one of the common complications of chronic
GVHD in humans [14,15]. The role of granulocytes, in particular neutrophils, in GVHD is
highly controversial. Although the severity of GVHD in the human intestine has a strong
correlation with the number of neutrophils in GVHD foci, neutrophils do not induce
GVHD directly but cause tissue damage that promotes T-cell activation, which leads to
the progression of GVHD [16]. However, CBC indices are not the only criteria for deter-
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mining pathology. In humans, engraftment of allogeneic hematopoietic stem cells (HSCs)
can be determined by the restoration of the absolute neutrophil count and chimerism anal-
ysis, independently of other CBC indices [17,18].

In recent years, the monocyte-to-lymphocyte ratio (MLR), lymphocyte-to-monocyte
ratio (LMR), granulocyte-to-lymphocyte ratio (GLR), and platelet-to-lymphocyte ratio
(PLR) have been increasingly proposed as diagnostic markers of surgical stress in on-
cosurgery, in the diagnosis and prognosis of the course of oncological and other diseases,
including infectious diseases and GVHD, as well as before allogeneic HSC engraftment
[19-32]. Given the existing results of meta-analyses, these immune-inflammation indices
may be significant for human and veterinary medicine. However, they have not previ-
ously been used to assess the welfare of animal models.

Therefore, we determined the correlation probability between CBC indices, MLR,
LMR, GLR, PLR, degree of chimerism (Ch), hCD3*hCD4* cell counts (hT-helper cells), BW
dynamics, and GVHD progression. Another objective was to determine the feasibility of
humanization of NOD-Prkdc<“ll2rgen’/Smoc (NSG) mice using hPBMCs and to evaluate
the chimerization potential of NOD/ShiLt]JGpt-Prkdcen26cd2]]2rgem26cd22/Gpt (NCG) mice
relative to NOD/Shi-Prkdc]12rgen’/Cyagen (C-NKG) mice. Thus, we identify critical
points and select optimal conditions for reconstitution of the human immune system in
the appropriate mouse strain. The most effective protocol will be used to develop HIS-
mice, which will be infected with HIV for further research.

2. Results
2.1. Effects of the Irradiation Dose and IL-2.: on GVHD Progression

BW dynamics in NSG mice were stable throughout the observation period but were
lower than in control animals (Figure 1a). In females, the most pronounced BW loss was
observed in NCG-2 and C-NKG-2 mice, despite minimal irradiation dose (IrD).

The two-way analysis of variance (ANOVA) did not confirm the effect of humaniza-
tion conditions or IL-2ad on BW dynamics for any of the mouse strains. However, Tukey’s
multiple comparison test (Tukey’s test) determined the effect of IL-2ad and IrD in NCG-1
and NCG-2 mice, as well as NCG-2 and NCG-4 mice, starting at 28 d.p.i.

The progression of GVHD in NSG mice was mild (Figure 2a), whereas rapid progres-
sion of GVHD was observed in NCG-2 and C-NKG-2 mice at 21 d.p.i. (Figure 2b,c).
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Figure 1. Effect of IrD and IL-2.d on the dynamics of BW: (a) in NSG mice; (b) in NCG mice; (c) in

C-NKG mice.

ANOVA demonstrated a statistically significant relationship between GVHD pro-
gression and humanization conditions in females, but not in males (Table 1). Tukey’s test
confirmed the effect of IrD on GVHD progression in NCG mice at 28 d.p.i. and in NSG
mice at 35 d.p.i. The effect of IL-2.4 was determined only in NCG mice at 28 d.p.i.

Table 1. Results of determining the influence of the type and concentration of the graft on the pro-

gression of GVHD.
Mouse Strain % of Total Variation p Value
NCG 37.46 <0.0001
C-NKG 22.4 0.0034
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Figure 2. Effect of the IrD and IL-2ad on the dynamics of GVHD: (a) in NSG mice; (b) in NCG mice;
(c) in C-NKG mice.
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2.2. The Survival of HIS-Mice Depends on the IrD and IL-2a

During the observation period, one NSG-3 mouse and one NSG-4 mouse, and two
NSG-6 mice were euthanized due to the development of the lethal GVHD phenotype (Fig-
ure 3a). However, the mean survival of females was lower. A total of 100% of NCG-5,
NCG-6, C-NKG-3, C-NKG-4, C-NKG-5, and C-NKG-6 mice (Figure 3b,c); 75% of NCG-4
and C-NKG-2 mice, 50% of NCG-1 and NCG-2 mice; and 25% of NCG-3 and C-NKG-1
mice were euthanized prematurely.
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Figure 3. Effect of the IrD and IL-2ad on survival probability: (a) in NSG mice; (b) in NCG mice; (c)
in C-NKG mice.

Survival analysis using the nonparametric Kaplan-Meier method, modified by the
Mantel-Cox and Gehan-Breslow—Wilcoxon tests, as well as the log-rank test for trend, did
not confirm the effect of IrD and IL-2.4 on the probability of survival in NSG mice but did
confirm it in NCG mice. In C-NKG mice, the presence of an association was not confirmed
by the log-rank test (Table 2).

Table 2. Determining the probability of survival.

Log-Rank (Mantel-Cox) Log-Rank Test for ~Gehan—Breslow-

Test Trend Wilcoxon Test
Chi square 28.68 4.905 24.84
NCG df 6 1 6
p value <0.0001 0.0268 0.0004
Chi square 28.44 0.7541 21.09
C-NKG df 6 1 6
p value <0.0001 0.3852 0.0018

The mean survival of NSG-1, NSG-2, NSG-3, NSG-4, NSG-5, NCG-3, and C-NKG-1
mice was not determined.

2.3. IrD and IL-2ai Determine the Dynamics of hPBMCs Engraftment in C-NKG Mice but Not
the Dynamics of hT-Helper Cell Concentration

In the vast majority of mice, an explosive growth of human cell populations was ob-
served from 7 to 21 d.p.i. (Figure 4). The highest Ch was observed in NCG-3 mice. How-
ever, Ch was most stable in NSG mice, while a decrease was observed in C-NKG mice at
the end of the study.

https://doi.org/10.3390/ijms27146266
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Figure 4. Effect of IrD and IL-2a4 on Ch: (a) in NSG mice; (b) in NCG mice; (c) in C-NKG mice.

Despite this, ANOVA revealed no relationship between IrD, IL-2.4, and Ch in NSG
and NCG mice but confirmed this in C-NKG mice. Tukey’s test revealed no interaction
between IrD, IL-2a4, and Ch in NSG mice. For the other strains, this relationship was only
observed relative to controls.
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Relatively stable mean hT-helper cells (Th) values were observed in the last 7 days of
the study in NSG and C-NKG mice. In NSG mice, it was ~45-65%; in C-NKG mice, ~55-
75%; and in NCG mice, ~10-45%. A positive effect of IL-2ad on increasing the number of
hCD3*hCD4* cells in NSG and C-NKG mice was observed throughout almost the entire

study (Figure 5a,c).
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Figure 5. Effect of the IrD and IL-2ad on dynamics of Th: (a) in NSG mice; (b) in NCG mice; (c) in C-
NKG mice.

The mean maximal Ch value was observed in C-NKG-2 mice and amounted to ~77%.
Similar values were achieved in NSG-3 and NSG-4 mice at 21 d.p.i. ANOVA did not con-
firm the relationship between IrD, IL-2a4, and dynamics of Th. Tukey’s test determined
the effect of IL-2ad on Th in NSG-1 and NSG-2 mice only at 7 d.p.i.

2.4. Analysis of the Dynamics of CBC Indices
2.4.1. Leukocyte Indices

Dynamics of absolute white blood cell count (WBC) in HIS-mice were virtually iden-
tical to those in the corresponding control mice (Figure S2a—c). Single peaks of leukocyto-
sis were distinct in NSG and NCG mice, but they did not affect the overall picture. Mod-
erate leukocytosis was observed in C-NKG-1 mice from 14 to 35 d.p.i., but by the end of
the study, WBC was similar to that in other C-NKG mice. ANOVA confirmed a statisti-
cally significant relationship between IrD, IL-2.4, and dynamics of WBC only in NCG mice
(Table 3). Tukey’s test revealed the effect of IL-2ad on WBC in C-NKG mice at 35 d.p.i. and
in NCG mice at 42 d.p.i.

Table 3. Assessment of the statistical relationship between CBC indices and humanization condi-

tions.
ANOVA Tukey’s Test
CBC Index 05 NCG C-NKG  NSG NCG C-NKG
WBC - + - - IL-2, 35 d.p.i. IL-2,42 d.p.i.
Lymph# -  + - - - IL-2, 42 d.p.i.
Mon# - + - - IL-2, 42 d.p.. IL-2, 35 d.p.i.
Gran# - - - - IL-2, 42 d.p.i. IL-2, 28 d.p.i.
Lymph% - - + - IR, 21 d.p.i. -
Mon% - - + - - -
Gran% + - - - IR, 7 d.p.i. -
RBC - - - - - -
HGB - - - - - -
HCT - - - - - -
MCV  + o+ - - IR, 28 d.p.i. -
MCH + + - IL-2,21 d.p.i. IL-2,28 d.p.i. -
MCHC + + - IR728dpi 2P dpIL228 -
d.p.i.
RDW + + - IR, 21, 28, 42; 11.-2, 42
PLT - - - - - -
MPV - - - - IR, 28 d.p.i. IL-2, 42 d.pi.
PDW - - - IL-2,35dpii - -
PCT - - - IL-2,35d.p.i. IR, 42 d.p.i. -

+: presence of a statistically significant relationship between IrD, IL-2a4, and the dynamics of the
index; —: absence of statistically significant relationship between IrD, IL-2.4, and dynamics of the
index; IL-2: a relationship between the dynamics of the index and IL-2.4; IR: a relationship between

the dynamics of the index and IrD.

Dynamics of absolute lymphocyte count (Lymph#) and absolute monocyte count
(Mon#) resembled those of WBC. High peak values were observed in individual mice,
primarily at 21 d.p.i. ANOVA demonstrated a statistically significant relationship be-
tween IrD, IL-2.4, and Lymph# dynamics in NCG mice. Tukey’s test revealed a significant
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effect of IL-2.¢ on Lymph# dynamics in C-NCG mice that were irradiated with minimal
IrD at 42 d.p.i.

ANOVA demonstrated a statistically significant relationship between IrD, IL-2a4, and
Mon# dynamics in the blood of NCG mice. Tukey’s test revealed significant results be-
tween IL-2.4 and Mon# dynamics in NCG and C-NKG mice that were irradiated with min-
imal IrD at 42 and 35 d.p.i., respectively.

Progressive absolute granulocytosis was observed in all HIS-mice, but it was most
pronounced in NSG mice. ANOVA results demonstrated no relationship between IrD, IL-
2a4, and absolute granulocyte count (Gran#) dynamics. However, for NCG and C-NKG
mice, which were irradiated with minimal IrD, a relationship between IrD, IL-2a4, and
dynamics of Gran# was detected at 42 and 28 d.p.i,, respectively, using Tukey’s test.

Dynamics of relative lymphocyte count (Lymph%) in NSG mice were characterized
by a random alternation of prolonged peaks and troughs, while in NCG and C-NKG mice
they were more structured and regular. In both cases, lymphocytosis peaked at 14 d.p.i.
Then, in most mice, there was a gradual decline until the end of the study. ANOVA
demonstrated a statistically significant relationship between IrD, IL-2.4, and dynamics of
Lymph% only in C-NKG mice. Other identified interaction terms were also established
using Tukey’s test relative to control mice, except for NCG-2 and NCG-4 mice, which al-
lowed us to determine the effect of IrD on dynamics of Lymph% at 21 d.p.i.

The dynamics of the relative monocyte count (Mon%) were linear and varied slightly
both within and between strains, ranging from 0 to 5% throughout the study. ANOVA
demonstrated a statistically significant relationship between IrD, IL-2.4, and dynamics of
Mon% in C-NCG mice. Tukey’s test determined the relationship relative to control mice
at14d.pi.

Relative granulocyte count (Gran%) peaked between 21 and 28 d.p.i. in most mice.
Only C-NKG mice showed moderate relative granulocytosis throughout the study.
ANOVA demonstrated a statistically significant relationship between IrD, IL-2a4, and dy-
namics of Gran% in NSG mice. In NCG mice, Tukey’s test revealed a relationship between
IrD and dynamics of Gran% at 7 d.p.i.

2.4.2. Erythrocyte Indices

Despite some variability between groups, dynamics of absolute red blood cell count
(RBC), hemoglobin count (HGB), and hematocrit (HCT) showed a general trend toward
gradual decline throughout the study (Figure S3a-i). ANOVA demonstrated no statisti-
cally significant relationship between IrD; IL-2a4; and dynamics of RBC, HGB, and HCT.
Tukey’s test revealed a relationship only for C-NKG HIS-mice compared to controls.

The mean corpuscular volume (MCV) in all NSG HIS-mice was higher than in con-
trols, while in NCG HIS-mice, this was observed only in those irradiated with 1.5 Gy. In
C-NKG HIS-mice, MCV decreased relative to controls from 21 to 28 d.p.i. ANOVA demon-
strated a statistically significant relationship between IrD; IL-2.4; and dynamics of MCV,
mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration
(MCHC) in NSG and NCG mice. Tukey’s test revealed a significant relationship between
IrD and dynamics of MCV and MCH at 28 d.p.i. in NCG mice; in NSG mice that were
irradiated with the maximal IrD, a relationship between IL-2.4 and dynamics of MCH was
determined at 21 d.p.i. In NCG mice, there was a relationship between IrD and dynamics
of MCHC at 28 and 35 d.p.i., and between IL-2a1 and dynamics of MCHC at 28 d.p.i,; in
NSG mice, there was a relationship between IrD and dynamics of MCHC at 28 and 42
d.pi.

As arule, red cell distribution width (RDW) was higher in HIS-mice than in controls.
ANOVA demonstrated a statistically significant relationship between IrD, IL-2a4, and dy-
namics of RDW in NSG and NCG mice. Tukey’s test for NCG mice revealed a relationship
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MLR

between IrD and dynamics of RDW at 21, 28, and 42 d.p.i., and between IL-2.4 and dy-
namics of RDW at 42 d.p.i.

2.4.3. Platelet Indices

Absolute platelet count (PLT) in HIS-mice was lower than in controls throughout the
study (Figure S4a—c). ANOVA did not confirm a statistically significant relationship be-
tween IrD, IL-2a4, and dynamics of PLT, while Tukey’s test revealed a relationship be-
tween NSG and C-NKG in HIS-mice compared to controls.

The dynamics of mean platelet volume (MPV) demonstrated a trend opposite to that
of platelets, indicating a significant impact of humanization on thrombopoiesis. Through-
out virtually the entire study, all HIS-mice demonstrated higher values than controls.
ANOVA did not confirm a statistically significant relationship between IrD, IL-2.4, and
dynamics of MPV. Tukey’s test determined a relationship between IrD and dynamics of
MPV in NCG mice at 28 d.p.i. and between IL-2.4 and dynamics of MPV in C-NKG mice
at42 d.p..

The platelet distribution width (PDW) was within virtually identical ranges in all
mice. ANOVA demonstrated no statistically significant relationship between IrD, IL-2aq,
and dynamics of PDW. Tukey’s test determined the relationship between IL-2.4 and dy-
namics of PDW at 35 d.p.i.

Since PLT directly determines plateletcrit (PCT), its dynamics in HIS-mice were
lower than in controls. Therefore, ANOVA demonstrated the absence of a statistically sig-
nificant relationship between IrD, IL-2.4, and dynamics of PCT. Tukey’s test determined
the relationship between IL-2.4 and dynamics of PCT in NSG mice at 35 d.p.i. and between
IrD and dynamics of PCT in NCG mice at 42 d.p.i. (Table 3).

2.5. Immune-Inflammation Indices

Dynamics of MLR in NSG HIS-mice were mostly undulating (Figure 6a), whereas in
females, they were more linear and within the control values (Figure 6b,c).
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Figure 6. Effect of the IrD and IL-2ad on dynamics of MLR: (a) in NSG mice; (b) in NCG mice; (c) in
C-NKG mice.

The dynamics of LMR were more variable, but due to the absence of monocytes in

many mice during the first weeks after myeloablation, some values were not determined
(Figure 7).
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Figure 7. Effect of the IrD and IL-2ad on dynamics of LMR: (a) in NSG mice; (b) in NCG mice; (c) in
C-NKG mice.
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The dynamics of GLR were also highly variable. In NSG and C-NKG mice, they were
undulating, while in NCG mice, they were more linear (Figure 8).
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Figure 8. Effect of the IrD and IL-2ad on dynamics of GLR: (a) in NSG mice; (b) in NCG mice; (c) in
C-NKG mice.
The dynamics of PLR in HIS-mice were generally linear and differed little from the
controls (Figure 9).
NSG
25,000 - NSG-1
20,000= -o NSG-2
15,000 -»- NSG-3
i'4
i 10,000 .4 NSG-4
5,000 Lo -e- NSG5
0= & ea=sEa===as n"-’-_-‘E:};_;_‘;'.‘:‘E_;_;_}:'_:}}E*}};M:_;ér :1-:_1-::':::::__-__:{:: - NSG_S
) | B -+ - Control
=5,000 T T T T T T
7 14 21 28 35 42
Days post cell injection
(a)

https://doi.org/10.3390/ijms27146266



Int. . Mol. Sci. 2026, 27, 6266

17 of 32

PLR

PLR

NCG
25,000+
NCG-1
20,[]0[:'- - NCG_Z
15,000 - -¢- NCG-3
10,000 - NCG-4
5,000 o N .- -e- Control
0- ~-—— ”__..;:'-_"_'_ - | ..... t':‘—‘-ﬂr«.rf:::; _:{_’: : ------ -
-3,000 1 1 1 1 1
14 21 28 35 42
Days post cell injection
(b)
C-NKG
25,000 -
C-NKG-1
20,000 o C-NKG-2
15,000 = -»- C-NKG-3
10,000 C-NKG-4
-o. C-NKG-6
5,000 —
ST O SO e-mmomm-- $-------- . -e- Control
0= ----::-3:‘,‘,,"__,_q...,dd_. O ——— =
-5,000 T T T T T
14 21 28 35 42

Days post cell injection
(c)

Figure 9. Effect of the IrD and IL-2ad on dynamics of PLR: (a) in NSG mice; (b) in NCG mice; (c) in
C-NKG mice.

Thus, a comparative analysis of the dynamics of immune-inflammation indices did
not yield significant results. However, determining the degree of their correlation with
key characteristics of mouse welfare may have prognostic value.

2.6. The Relationship of the Main Characteristics of HIS-Mice Welfare with Each Other and
Immune-Inflammation Indices

Determining a reference range requires a large sample size. Therefore, both the indi-
ces themselves and their correlations with key welfare indicators of humanized mice were
calculated using Spearman’s coefficient. Determining a linear correlation can indicate a
direct relationship between two parameters. Given the growing popularity of personal-
ized medicine, the correlation was determined individually for each mouse. To better un-
derstand the reasons for the shortened observation window, a correlation was determined
for each mouse strain for both those euthanized upon reaching humane endpoints
(EUTH) and those surviving to the end of the study (SURV).
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The starting control value for HIV introduction into HIS-mice can be the concentra-
tion of hCDA45* cells in peripheral blood, or the hCD4+: hCD8* T cell ratio, or the expiration
of a certain period of time from the moment of human cell introduction (usually 14-21
d.p.i.) [10,33,34]. Therefore, the identification of prognostic factors for the duration of ob-
servation of infected mice will help in planning a long-term observation.

The main characteristic influencing HIS-mice survival is GVHD progression, which
is based on scores for BW reduction, fur and skin quality, and changes in mobility and
posture. In the absence of GVHD, correlation calculations are not feasible due to the im-
possibility of violating mathematical rules. Therefore, determining a linear relationship
between parameters was only possible in mice exhibiting signs of GVHD. Thus, it was
determined that BW had a very high negative correlation with GVHD in 92% of NSGsurv
mice; 80% of NCGsurv mice; and 100% of C-NCGsurv, NCGeury, and C-NCGeurs mice (Fig-
ures S5 and 56).

Other important characteristics in modeling HIV infection are Ch and Th. A negative
BW/Ch correlation was detected in 71% of NSGsurv, 80% of C-NKGsurv, and 89% of
NCGeutn and C-NKGeurn mice, while the BW/Th correlation was positive in 71% of
NSGsurv mice and negative in 80% of C-NKGsurv mice.

A positive GVHD/Ch correlation was detected in 75% of NSGsurv mice and 100% of
NCGsurv, C-NKGsurv, NCGeutxy, and C-NKGeurn mice, while 75% of NSGsurv mice and
100% of C-NKGsurv mice had a positive GVHD/Th correlation (Figures S5 and S6). The
Ch/Th correlation was negative in 75% of C-NKGzurn mice (Figure S6b).

The most pronounced negative BW/WBC correlation was observed in 80% of C-
NKGsurv mice, while it was positive in 88% of C-NKGeurt mice. As demonstrated above,
BW/GVHD have a very high negative correlation; accordingly, 100% of C-NKGsurv mice
had a highly positive GVHD/WBC correlation, while 75% of C-NKGeurx mice had a very
high negative correlation (Figures S7 and S8).

Also, a high negative BW/Lymph# correlation was found in 80% of C-NKGsurv and
NCGeurt mice, while a negative GVHD/Lymph# correlation was detected in 75% of
NSGsurv mice and a positive one in 100% of C-NKGsurv mice (Figures S7 and S8). A high
negative BW/Mon# correlation characterized 80% of C-NKGsurv mice, while a high posi-
tive GVHD/Mon# correlation corresponded to 75% of NCGsurv mice and 100% of C-NKG-
surv mice. In addition, a high positive GVHD/Gran# correlation was found in 75% of NCG-
surv mice and 75% of C-NKGsurv mice.

A high positive BW/RBC correlation was detected in 100% of C-NKGsurv and 75% of
C-NKGeurn mice, while a high negative GVHD/RBC correlation was found in 75% of C-
NKGsury, 86% of NCGeury, and 88% of C-NKGeurn mice. High and very high positive
BW/PLT correlations were found in 75% of NCGsurv, 100% of C-NKGsurv, 100% of
NCGeurn, and 100% of C-NKGeurn mice, while a high negative GVHD/PLT correlation
was found in 100% of C-NKGsurv, 100% of NCGeurs, and 100% of C-NKGeuta mice (Fig-
ures S7 and S8).

A high positive Ch/WBC correlation was detected in 86% of NSGsurv, 75% of NCG-
surv, and 80% of C-NKGsurv mice, while a moderate negative Th/Lymph# correlation was
detected in 100% of C-NKGsurv mice (Figure S9). In addition, moderate and low positive
Ch/Lymph# correlations were detected in 75% of NCGsurv and 100% of C-NKGsurv mice,
respectively. A high positive Ch/Mon# correlation was detected in 86% of NSGsurv, 75%
of NCGsury, and 80% of C-NKGsurv mice, while a moderate positive Th/Mon# correlation
was detected in 80% of C-NKGsurv mice (Figure 59). A high positive Ch/Gran# correlation
was found in 79% of NSGsurv, 75% of NCGsurv, and 100% of C-NKGsurv mice, while a
moderate positive Th/Gran# correlation was found in 100% of C-NKGsurv mice.

High and very high negative Ch/RBC correlations were observed in 100% of NCGeurx
mice, while moderate positive Th/RBC correlations were observed in 78% of them. A very
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high negative Ch/PLT correlation was detected in 89% of NCGeurx mice and 88% of C-
NKGeurs mice (Figure S10).

A positive Ch/MLR correlation was observed in 86% of NSGsurv, 88% of NCGsurv, and
100% of C-NKGsurv mice, while a high and very high negative Ch/LMR correlation was
characteristic of 75% of NSGsurv, 100% of NCGsurv, and 75% of C-NKGsurv mice, and a mod-
erate positive Th/LMR correlation was characteristic of 75% of C-NKGsurv mice. High and
moderate positive Ch/GLR correlations were observed in 71% of NSGsurv and 80% of C-
NKGsurv mice, respectively. Moreover, a moderate negative Ch/GLR correlation was deter-
mined in 80% of C-NKGsurv mice, while a moderate positive Ch/PLR correlation was char-
acteristic of 75% of NCGsurv mice (Figure S11).

A high positive BW/LMR correlation was observed in 83% of NSGsurv mice, and a high
negative correlation was observed in 75% of C-NKGsurv mice, while 100% of NCGsury,
NCGeurh, and C-NKGsurv mice, respectively, exhibited a high and moderate positive
GVHD/MLR correlation (Figures 511 and S12). A very high negative GVHD/LMR correla-
tion was detected in 100% of NCGsurv mice.

A high negative BW/GLR correlation was characteristic of 83% of C-NKGeurn mice,
while a high positive GVHD/GLR correlation was observed in 82% of NSGsurv mice, and a
moderately low correlation was observed in 75% of C-NKGsurv mice. Finally, a high positive
BW/PLR correlation was detected in 80% of C-NKGsurv mice, and a high negative
GVHD/PLR correlation was observed in 100% of these same mice (Table 4).

Table 4. Correlation between the main characteristics of welfare of HIS-mice.

NSG, % of Total NCG, % of Total C-NKG, % of Total

rs-Value SURV

EUTH SURV EUTH SURV EUTH

BW GVHD Ch BW BW GVHD Ch BW GVHD Ch BW GVHD Ch Th BW GVHD Ch

GVHD

Negative correlation is highlighted in red; positive correlation is highlighted in blue.

Thus, this study successfully validated a new panel of biomarkers for predicting the
long-term welfare of hPBMCs in long-term studies of HIV infection. Spearman coefficients
were determined for all correlation types; however, Table 4 only displays results that gen-
eralize to at least 75% of mice of a single strain. The most reliable indicators of long-term
welfare of hPBMCs include positive correlations of GVHD/Th, GVHD/Mon#,
GVHD/Gran#, Ch/WBC, Ch/Lymph#, Ch/Mon#, and Ch/Gran#.
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2.7. Macromorphological Analysis

The lowest number of pathologies was detected in NSG mice and was independent
of IL-2a4. Notably, hyperplasia of the spleen was detected in all NSG-2 mice. Furthermore,
the relative brain weight of IL-2.¢-treated HIS-mice was higher than that of those that were
not. ANOVA confirmed a statistically significant relationship between the relative weight
of target organs, humanization conditions, and IL-2.4 for HIS-mice. Tukey’s test deter-
mined the relationship for the relative weight of the liver and small intestine in NSG mice,
for liver weight in NCG mice, and for small intestine weight in C-NKG mice.

The most common types of pathologies recorded during macroscopic examination
were anemia and atrophy of the organs (Table 5).

Table 5. The most common macromorphological pathologies.

Anemia Atrophy Hyperplasia of
Spleen Liver Kidneys Myocardium Reproductive Organs Spleen Liver the Spleen

NSG 2 1 1 1 - 1 1 3
NSG/IL-2 1 1 1 - 1 1 1 6
NCG 5 4 5 1 7 2 2 9
NCG/IL-2 6 4 6 5 6 1 5 8
C-NKG 8 1 6 5 8 4 8 6
C-NKG/IL-2 11 - 10 3 9 6 11 5

Thus, IL-2.d may contribute to the development of severe multiorgan pathology in
HIS-mice.

2.8. Micromorphological Examination

Microscopic examination of histological bone marrow (BM) specimens from NSG
mice irradiated with maximal IrD revealed pronounced atrophy and anemia. Mice treated
with IL-2.4 had a higher proportion of granulocytic and erythroid cells, confirming its ef-
fect on enhancing hematopoiesis. Severe BM atrophy was observed in NSG and NCG mice
with minimal IrD and IL-2a4. A pronounced increase in hCD4+ cell counts was predomi-
nant in the BM of mice treated with IL.-2.4 (Table S1).

In the spleen, a negative effect of moderate and maximal IrD and IL-2.d was also ob-
served. However, in this case, the greater negative effect was associated with parenchymal
anemia: in all untreated IL-2.4 mice, the red pulp was abundantly filled with erythrocytes.
More pronounced atrophy of the white pulp (sometimes with areas of amyloidosis) was
characteristic of mice treated with IL-2.4. As a rule, hCD4+ cells were concentrated at the
periphery of the white pulp (Table S2).

Glomerular atrophy was characteristic for mice irradiated with moderate and maxi-
mal IrD, and IL-2.4 exacerbated the severity of the process. Furthermore, high diffuse in-
filtration of the perivascular interstitium with hCD4+ cells was characteristic of mice
treated with IL-2.d. The human cells were localized within the glomeruli and also diffusely
distributed in the interstitium of the cortex and medulla, as well as in the adipose tissue
adjacent to the capsule (Table S3).

Infiltrates of hCD4+ cells were also detected in the perivascular interstitium, near the
triads, and within the sinusoidal lumens of the liver parenchyma. Pronounced cytosis was
noted in NSG and NCG mice that were irradiated with minimal and moderate IrD. These
mice also exhibited minor areas of amyloidosis and moderate hemosiderosis of the peri-
vascular interstitium (Table 54).

Examination of the lungs revealed more pronounced cytosis in HIS-mice compared
to controls. Extensive hCD4- cell infiltrates were characteristic of mice untreated with IL-
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2ad NSG. The cells were distributed diffusely throughout the interstitium, and their clus-
ters were more frequently observed in the perivascular and peribronchial interstitium (Ta-
ble S5).

The morphological patterns of the small and large intestines of HIS-mice and control
mice showed no obvious differences (Tables S6 and S7). In HIS-mice, isolated hCD4* cells
were scattered throughout the lamina propria and adjacent adipose tissue. However,
hCD4- cell counts were more pronounced in mice treated with IL-2.a. A similar pattern
was observed in the large intestine.

The brain was characterized by a predominance of scattered hCD4* cell infiltrates in
HIS-mice untreated with IL-2.4 (Table S8).

The morphology of the male reproductive system is more complex than that of fe-
males, so comparing their pathological features is inappropriate. Thus, diffuse hCD4+ cell
infiltrates were detected in the prostate gland, epididymal interstitium, and bulbourethral
glands, while in females, they were found in the endometrium (Table S9).

Thus, in the case of successful hPBMCs engraftment, the atrophy of BM and spleen
tissue that develops over time directly influences the progression of GVHD. Furthermore,
the severity of most blood abnormalities in HIS-mice depends on IrD and IL-2.4. For NSG
HIS-mice, ANOVA revealed a statistically significant relationship between IrD, IL-2aq,
and:

e  Dynamics of the Gran%, MCV, MCH, MCHC, RDW;
e  Target organ mass.

For NCG HIS-mice, ANOVA revealed a statistically significant relationship between
IrD, IL-2a4, and:

e  GVHD progression;

e  Survival probability;

e  Dynamics of the WBC, Lymph#, Mon#, MCV, MCV, MCH, MCHC, and RDW;
e  Target organ weights.

Finally, for C-NKG HIS-mice, ANOVA revealed a statistically significant relationship
between IrD, IL-2.4, and:

e  GVHD progression;

e  Survival probability;

e Ch;

e  Dynamics of the Lymph% and Mon%;
e  Target organ weights.

3. Discussion

Although subcutaneous administration of IL-2 has a longer duration of effect, it is
undesirable due to the occurrence of a local irritant reaction. In addition, intraperitoneal
administration prolongs the activity of IL-2 in the blood compared to intravenous [7]. In
a study of the duration of survival of pancreatic grafts in NSG mice, a single low dose of
IL-2 of 7.5 IU/g (~225 IU/mouse) and a single high dose of 24.9 IU/g (~747 IU/mouse) were
used [2]. At the same time, a single immunotherapeutic dose for humans is 158.8 ug/kg
[35]. Considering that we used a shorter course of IL-2.d treatment, a single dose for ad-
ministration was 5 pug/mouse regardless of the strain.

IL-2a4 exerted a prolonged beneficial effect on reconstitution of the HIS in irradiated
with 1 Gy NSG and NCG mice, including dynamics of Th in NSG mice. However, irradi-
ation of NCG and C-NKG mice with 2 Gy resulted in the development of a lethal GVHD
phenotype and premature euthanasia of all C-NKG HIS-mice, except C-NKG-1; all IL-2a4
NCG HIS-mice; and IL-2.4 NSG-6 mice.
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In our experience, mice exposed to excessive irradiation were euthanized within the
first 14 d.p.i. [36]. Significant mortality in mice treated with IL-2ad occurred primarily after
14 d.p.i. (Table S10). Considering that IL-2.4 can enhance graft survival in HIS-mice, it was
administered within the first 5 d.p.i. On the other hand, endogenous human IL-2 stimu-
lates peripheral expansion of murine CD4+ and CD8* regulatory T-cells [2,8]. However,
WBC in mice remained low for a long time (Figure 52). Thus, in the IrD/graft concentration
pair, IrD plays a leading role in GVHD.

Despite the fact that irradiated mice with high IrD and HIS-mice treated with IL-2ad
were demonstrated to have elevated Ch, this led to their premature euthanasia. At the end
of the study, NCG and C-NKG HIS-mice had ~50%, while NSG HIS-mice had ~40-70%
circulating human cells. Furthermore, NSG-1, NSG-2, NSG-3, and NSG-5 mice showed a
tendency toward further increases in Ch.

Although NCG-1 mice received minimal IrD and demonstrated a low Ch throughout
the study, they demonstrated comparatively poor survival compared to other strains ex-
posed to similar factors. Mortality occurred between 15 and 25 d.p.i. (Figure 3b). However,
NCG mice did not exhibit active regenerative granulocytosis until 28 d.p.i. (Figure S2k).
Thus, this acute GVHD may be due to individual partial activation of the recipient im-
mune system, as NCG-1 mice exhibited elevated Gran# and Gran% values at this time
(Figure S2k,t).

The concentration of circulating Th susceptible to HIV infection in C-NKG-1 mice
was ~50% at the end of the study and showed a tendency to decrease further. In NCG HIS-
mice, it was lower (~10-40%) and, except in NCG-3 mice, also tended to decrease over
time. In turn, in NSG HIS-mice, the proportion of Th was higher (~45-65%). Notably, HIS-
mice untreated with IL-2.4 showed a promising tendency to have an increase in the pro-
portion of Th at the end of the study.

Although significant GVHD was observed in NCG-2, C-NCG-1, and C-NCG-2 mice
at 3542 d.p.i., the timing of its development is limited to a short-term study of HIV infec-
tion. If HIV is injected at 14-21 d.p.i.,, complete depletion of hT-helper cells is possible
within the next 14-21 days. Thus, even if mice reach humane endpoints, they may coincide
with the final checkpoint. Significant GVHD was likely caused by the severe leukocytosis
observed in these mice at 42 d.p.i. (Figure S2b,c,e,f,h,ik,1). Therefore, it should be consid-
ered that the activated immune system of recipients may contribute to partial depletion
of the human cells, which may be mistaken for the results of HIV infection.

Since modern medicine practices the development of personal avatars for therapy,
including infectious diseases, the processing of the study results was carried out in both
group and individual formats [37]. Analysis of the mean values for the relative mass of
the target organs by group, except for the reproductive tract, demonstrated the predomi-
nance of this characteristic in HIS-mice over the controls. This is partly due to the progres-
sion of GVHD, since prolonged loss of appetite leads to atrophy of the reproductive or-
gans. The influence of IrD and IL-2.a was also confirmed in a microscopy of hematoxylin
and eosin (H&E)-stained histological preparations of BM and spleen. The most pro-
nounced atrophy of BM was observed in mice irradiated with 1.5 Gy and 2 Gy and in mice
treated with IL-2a4. Localized in internal organs, human cells rarely formed extensive foci
of infiltration, except for the interstitium of the liver and lungs. This is a positive sign for
mice welfare. Moreover, IL-2ad led to active migration of human cells in the tissues of the
BM, intestines, and brain.

Individual statistical analysis demonstrated that in 91% of HIS-mice, regardless of
strain, IL-2a4, and observation duration, BW had a very high negative correlation with
GVHD. Given the increased safety precautions required when working with HIV-injected
mice, eliminating all GVHD progression assessment criteria other than dynamics of BW
preserves the objectivity of the animal welfare assessment. This eliminates the need to
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spend time determining posture, mobility, etc. Furthermore, the BW value cannot be zero,
making the results of the statistical analysis more informative. Finally, simple randomiza-
tion is typically performed based on BW, which facilitates the traceability of results [38].

In 82% of HIS-mice, a negative BW/Ch correlation was determined, regardless of IrD,
IL-2a4, and duration of observation (including 89% of HIS-miceeurs). At the same time, a
positive GVHD/Ch correlation was characteristic for 94% of HIS-mice (including 100% of
HIS-miceeuts). Thus, a decrease in BW can be considered an indicator of a prospective
increase in Ch. Also, GVHD/Th, GVHD/Mon#, GVHD/Gran#, Ch/WBC, Ch/Lymph#,
Ch/Mon#, and Ch/Gran# positive correlations can be used as indicators of the long-term
welfare of HIS-mice and the graft. In addition, a negative Ch/PLT correlation was charac-
teristic of 89% of HIS-miceeuty, 78% of Ch/RBC, 100% of GVHD/PLT, and 81% of
GVHD/RBC. In addition, the negative BW/WBC correlation can be used as a prognostic
indicator of long-term welfare of C-NKG HIS-mice.

The correlation of Ch and Th with immune-inflammation indices can be useful with
restrictions. Thus, 91% of all HIS-micesurv had a positive Ch/MLR correlation, while 83%
of HIS-micesurv had a negative Ch/LMR correlation. However, using BW/RBC, BW/PLT,
GVHD/Ch, and Ch/Th correlations as prognostic indicators of long-term welfare of HIS-
mice is inappropriate.

As arule, monitoring of the effectiveness of HIV infection is carried out by comparing
the dynamics of Th and viral load in infected and control HIS-mice [10,39]. However, it is
quite difficult to achieve stable Ch and Th values over a long period of time even in unin-
fected HIS-mice, given their individual characteristics. In addition, part of the viral load
can be reduced by the mouse’s own immune system, which is regenerated even in HIS-
mice during long-term observation [36]. In this regard, it seems advisable to supplement
the panel of biomarkers for assessing HIV infection in HIS-mice with such calculated in-
dicators as Ch/BW, Ch/WBC, Ch/Lymph#, Ch/Mon#, Ch/Gran#, Ch/MLR, and Th/GVHD.
Finally, GVHD, like HIV infection, is a chronic disease, so some of the indicators we pro-
pose can be taken into account when developing antiretroviral drugs and protocols [40].

4. Materials and Methods
4.1. Animals

All manipulations were carried out under sterile conditions. A total of 21 specific-
pathogen-free male NOD-Prkdcs“l12rge’/Smoc mice (Laboratory Animal Nursery of the
Institute of Bioorganic Chemistry named after M. M. Shemyakin and Yu. A. Ovchinnikov,
Moscow Region, Russia), 28 female NOD/ShiLt]JGpt-Prkdcem26cd2]]12rgem26Cd22/Gpt mice
(Gempharmatech Co. Ltd., Nanjing, China), and 28 female NOD/Shi-Prkdcs<“I12rge!/Cy-
agen mice (Cyagen Biosciences Inc., Suzhou, China) aged 5-6 weeks were housed in the
ISOcage P bioexclusion system (Techniplast, Buguggiate, Italy) at a temperature of +21 to
+23 °C and an air humidity of 45-65%. Animals were maintained under a 12 h day/night
cycle.

Feeding was carried out with a standard maintenance diet for rodents (4RF21,
Mucedola S.R.L., Settimo Milanese, Italy). Drinking water was provided with filtered tap
water. Mice had unlimited access to water and feed. Fine-grained (3 mm fraction) birch
chips (LLC Filonichev, Novosibirsk, Russia) were used as bedding. Feed, drinking water,
and bedding were sterilized in an autoclave before being given to the animals.

Mice of each strain were randomized into 7 groups using RandoMice v1.1.7 software
based on BW. RandoMice software was written in C# using .NET Framework 4.7.2 and
Microsoft Visual Studio version 16.4 [41].

Whole-body irradiation of mice was performed 24 h prior to hPBMCs administration
using a CIX3 X-ray irradiator (Xstrahl LTD, Walsall, UK) at the IrD indicated in Table 6.
Mice were previously induced into a state of general anesthesia by inhalation of an anes-
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thetic mixture based on oxygen and Isoflurane (Laboratorios Karizoo, Barcelona, Spain)
using a Biosthesia 300 laboratory animal anesthesia system (Vilber Lourmat, Collégien,
France).

Table 6. Characteristics of animal groups.

IrD, Gy IL-2a4 Mouse Group
10 No NSG-1
’ Yes NSG-2
No NSG-3
Donor 1 1.5 Yes NSG4
20 No NSG-5
Yes NSG-6
10 No NCG-1
) Yes NCG-2
No NCG-3
Donor 2 1.5 Yes NCGA
20 No NCG-5
) Yes NCG-6
10 No C-NKG-1
' Yes C-NKG-2
No C-NKG-3
Donor 3 1.5 Yes C.NKG4
20 No C-NKG-5
' Yes C-NKG-6
None None Control

4.2. Cell Culture

hPBMCs were isolated using Lympholyte-H cell separation medium (Cedarlane La-
boratories, Burlington, ON, Canada) from leukocyte concentrates (Blood Center of the
Federal Medical and Biological Agency of Russia, Moscow, Russia) of three anonymized
healthy donors according to the manufacturer’s recommendations. The isolated hPBMCs
were resuspended in fetal bovine serum supplemented with 10% dimethyl sulfoxide and
frozen in equal aliquots in cryovials for subsequent storage in liquid nitrogen. On the day
of engraftment, hPBMC aliquots were thawed, and the cells were washed three times with
1 x DPBS. To determine the density and viability of cells, as well as the initial proportions
of hCD3* and hCD4+* populations, the suspension sample was stained with solutions of
fluorescent antibodies and viability dye (Table 7) in accordance with the manufacturer’s
recommendations. Inmunophenotyping was performed using a NovoCyte 3000VYB flow
cytometer (Agilent Technologies, Santa Clara, CA, USA).

Table 7. Antibody conjugates for flow cytometry.

Dye/Antibody Conjugate Catalogue Number Manufacturer

7-AAD Staining Solution 130-111-568 Miltenyi Biotec, Bergisch Gladbach,

Germany

FITC Anti-Human CD45 Antibody [HI30] E-AB-F1137C  Liabscence Biotechnology Co, Ltd,
Wuhan, China

EV450 Anti-Mouse CD45 Antibody [30-F11] E-AB-F1136Q  Llapscience Biotechnology Co. Ltd,
Wuhan, China

Elabscience Biotechnol , Ltd,,

PE/Cyanine7 Anti-Human CD4 Antibody [RPA-T4] E-AB-F1109H abscience Biotechnology Co., Ltd

Wuhan, China
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Elabscience Biotechnology Co., Ltd.,

PE/TR Anti-Human CD3 Antibody [OKT-3] E-AB-F1001P Wauhan, China

Based on cell density measurements, the required volume for administration to mice
was selected and supplemented with 416 IU/mL IL-2 (11017; NPK BIOTECH, Saint Pe-
tersburg, Russia). The cell suspension (0.3 mL) was transferred to sterile microcentrifuge
tubes and placed on ice for administration to mice.

We previously demonstrated that GVHD progression in hPBMCs-mice depends on
the concentration of engrafted human cells and preliminary myeloablation [36]. There-
fore, maximal concentrations of hPBMCs were used to develop the acute GVHD.

4.3. Administration of the Cells and IL-2aa

Suspensions containing 0.8 + 0.6 x 107 hPBMCs (0.2 mL) were injected into the lateral
tail vein. Control mice were injected with 0.2 mL of 1 x DPBS. Injections were performed
using syringes with a 30 G needle (1046152, Vogt Medical GmbH, Karlsruhe, Germany).
IL-2.4 was administered at 5000 [U/mouse/day for 5 consecutive days, starting from the
day of hPBMC administration, according to Table 6.

4.4. Evaluation of the Impact of Humanization Conditions and IL-2a: on the Progression
of GVHD

Mice were monitored daily for GVHD assessment throughout the study. Mice were
examined weekly for the maximal study duration until humane endpoints were reached,
according to the adapted method of Seng, A. and Markiewicz, M.A. [11]:

e  Mice were deprived of feed and water, and their activity was observed for 5 min.
Scoring was as follows: 0 = the mouse began moving within 2 min and continued
moving, 1 = the mouse took more than 2 min to stand up and move slowly, and 2 =
the mouse did not stand up for 5 min and moved only when touched.

e BWloss: 0=<10%, 1 =10-20%, and 2 >20%

e Posture: 0 = no change, 1 =hunched posture at rest, and 2 = hunched posture makes
movement difficult.

e  Fur texture: 0 = no change, 1 = slight to moderate ruffle, 2 = severe ruffle.

° Skin condition: 0 = no change, 1 = flaking of hairless areas, 2 = obvious flaking of skin
in the area of hair loss.

The humane endpoints of the study were:

e  Assigning a mouse 7 or more scores;

¢ BW loss by more than 20%.

If humane endpoints were not reached, mice were euthanized at 42 d.p.i.

4.5. Blood Sampling

Whole-blood samples for CBC and flow cytometry (FACS) analysis were collected
via mandibular vein puncture in Microtainer K2E tubes (365975; Becton Dickinson, Frank-
lin Lakes, NJ, USA) at 7, 14, 21, 28, 35, and 42 d.p.i.

4.6. Evaluation of Engraftment

The primary factor affecting donor-graft interactions was assessed by FACS of
mouse whole blood samples using antibody conjugates (Table 7). The gating strategy in-
cluded separation of cell populations based on their forward scatter (FSC) and side scatter
(SSC) profiles, isolation of single-cell populations, and analysis of the expression of spe-
cific markers in the lymphocyte populations separated by size:

e  Determination of the proportion of lymphocytes;
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e  Determination of the proportion of single lymphocytes;

. Determination of the proportion of viable lymphocytes;

e  Determination of the proportion of human lymphocytes (hCD45*'mCD45") and
mouse lymphocytes (hCD45-mCD45*);

e Determination of the proportion of hT-helper cells in the hT-cell population (Figure
S1).
Ch was calculated using the formula:

NhCD45
Ch = x100% (@8
NhCD45" + NmCD45"

where

N —number of cells.

Since hT-helper cells are directly responsible for the progression of GVHD [42], their
dynamics were monitored throughout the study. The proportion of Th in the total number
of hT cells was calculated using the formula:

T NhCD3' hCD4'
NhCD3 hCD4 + NhCD3 hCD4"

x 100% 2

where
N —number of cells.

4.7. Evaluation of the Effect of IrD and IL-2.1 on Mouse Hematopoiesis
WBC, Lymph#, Mon#, Gran#, Lymph%, Mon%, Gran%, RBC, HCT, MCV, MCH,
MCHC, RDW, PLT, MPV, PDW, and PCT were determined in whole-blood samples using

a Mindray BC-2800Vet automatic hematology analyzer (Mindray Bio-Medical Electronics
Co., Ltd., Shenzhen, China).

4.8. Pathomorphology

During the necropsy, a macroscopic examination was performed, accompanied by
organ weight measurements using an Ohaus Pioneer PX 223 scale (Ohaus, Parsippany,
NJ, USA). The following organs were removed for histological preparation: the spleen,
lungs, kidneys with adrenal glands, liver, BM with sternum, small and large intestines
with mesentery and mesenteric lymph nodes, brain, organs of the reproductive tract, and
perithymic tissue. Lungs and kidneys were weighed in pairs. Relative organ weight was

calculated using the following formula:

Relati ight = e WL, gy ’
elative organ weight = Body weight ’ o

4.9. Histology and Immunohistochemistry

Sections were prepared from formalin-fixed paraffin-embedded tissue and H&E-
stained according to standard procedures. Organ and tissue samples were fixed in 10%
buffered formalin, dehydrated through a series of isopropyl alcohols of increasing con-
centration, and embedded in paraffin blocks. Sections of 4-5 um thickness were prepared
from the blocks. Slides were examined using an Optika B-500TPL microscope (Optika Mi-
croscopes, Bergamo, Italy) equipped with a photo and video recording system at magni-
fications of 100x and 400x.

HCs in sections were determined via immunochromogenic detection of 3.3-diamino-
benzidine tetrahydrochloride (DAB)-labeled anti-hCD4* antibodies (DF16080; Affinity Bi-
oscience, Zhenjiang, China). Polyperoxidase-anti-Rabbit IgG (E-IR-R215B, Elabscience,
Wuhan, China) was used as a secondary antibody. DAB working solution was prepared
by diluting DAB Concentrate (E-IR-R215D, Elabscience, Wuhan, China) in DAB Substrate
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(E-IR-R215E, Elabscience, Wuhan, China) according to the manufacturer’s recommenda-
tions.

4.10. Statistical Analysis

Statistical data processing was performed using GraphPad Prism 9.0.0 software. Sur-
vival analysis was performed using the Kaplan-Meier method, modified for the Mantel—
Cox and Gehan-Breslow-Wilcoxon tests. The dynamics of CBC indices and the in vivo
interaction of grafts and recipients were subjected to ANOVA, determination of the Spear-
man correlation coefficient (rs), and Tukey’s multiple comparison test. To determine rs,
data obtained at least 3 control points were used. The interpretation of rs-values is pre-
sented in Table 8. Data obtained from mice euthanized in the first 14 d.p.i. were not used
for statistical processing. The threshold value of the significance level (p) was set at 0.05.
If the p-value was below the threshold value of the significance level, the result was con-
sidered statistically significant.

Table 8. Interpretation of rs-values.

rs-Value Interpretation of Correlation
0.75 to 1.00 (-0.75 to -1.00) Very high positive (negative)
0.50 to 0.75 (-0.50 to -0.75) High positive (negative)
0.25 to 0.50 (-0.25 to- 0.50) Moderate positive (negative)
0.00 to 0.25 (0.00 to —0.25) Low positive (negative)

5. Conclusions

Using a concentration of 0.8 + 0.6 x 107 hPBMCs/mouse, we obtained an understand-
ing of the optimal parameters for humanization of NSG and NCG mice, as well as confir-
mation of the hypothesis that, in the IrD/graft concentration pair, IrD plays a leading role
in harming the mice’s welfare. Given the modest progression of GVHD and the high prob-
ability of survival, preliminary myeloablation with 1.5 Gy is an acceptable regimen for
successful humanization of NCG mice. This is also supported by the maximal Ch (~90%)
at the end of the study and the promising increase in Th. Looking at the Ch analysis, mice
treated with IL-2ad had better human cell engraftment. However, this still carries the risk
of sudden death.

For C-NKG mice, IrD of 1 Gy without IL-2ad4 is acceptable for long-term studies, as
they demonstrated the least progression of GVHD and high survival. They also had mod-
erate Ch and Th (~45% for each) at the end of the study.

High and moderate IrD had a negative effect on the survival of HIS-mice, except for
NSG. Although IL-2.4 resulted in peak Ch and Th at 21 d.p.i., at the end of the study, HIS-
mice untreated with IL-2.a showed higher results. However, IL-2a4 significantly reduced
survival. Therefore, additional graft stimulation generally had a negative effect on the
long-term welfare and survival of HIS-mice.

Detection of hCD4* cells in all target organs and tissues of the HIS-mice also confirms
the success of humanization. IL-2a4, however, generally had no significant effect on the
cytosis of human cells. However, a favorable sign is that the cells were diffusely distrib-
uted in the organ parenchyma, without forming large clusters or causing local or extensive
foci of inflammation.

Thus, the least impact of IrD and IL-2.a on GVHD progression, survival probability,
and the dynamics of key CBC indices was observed in NSG mice. This was also confirmed
by the results of the pathological examination, according to which these mice had the few-
est incidences of pathological changes. At the end of the study, HIS-mice irradiated with
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1 Gy and untreated with IL-2.4 NSG had the highest Ch (~65%), and the proportion of
circulating Th was ~45%, which is a good indicator of the late progression of GVHD.

On the one hand, the models we developed share all the disadvantages of other
hPBMC-mice, the main ones being the relatively early development of the lethal form of
GVHD and the inability to reconstitute human lymphoid tissue. On the other hand, bone
marrow-liver—thymus-mice (BLT-mice), considered the “gold standard” in HIV research,
are very difficult to perform and reproduce [43]. Although mice humanized with human
HSCs reconstitute human lymphoid tissue in many organs, the availability of hHSCs is
very limited, including for ethical reasons. Moreover, hHSCs are also susceptible to the
early development of the lethal GVHD phenotype [44]. At the same time, NSG-1, NSG-2,
NSG-5, NCG-3, and C-NKG-1 mice are distinguished by increased resistance to GVHD, a
high survival rate, high Ch, and a Th concentration sufficient to model HIV infection. Fur-
thermore, human cells were detected in all target organs of these mice. This allows track-
ing the distribution of HIV after infection.

Since this study did not use mice of the same strain and of different sexes, it lacked
comparative implications regarding potential sex differences. However, the survival anal-
ysis results demonstrate that C-NKG mice are particularly susceptible to GVHD. Further-
more, returning to BLT mice, the study by Honeycut et al. noted that the brains of female
BLT-NSG mice regenerated a higher number of human B-cells than those of males. More-
over, the number of hT-cells was not dependent on sex or IrD [45].

Determining the reference ranges requires large samples. Even without the need to
use numerous animals, individual differences remain, since mice of even the same strain,
sex, and age, obtained simultaneously from the same breeder and participating in the
study under identical conditions, demonstrate different dynamics of CBC indices, Ch, etc.
However, with an individual approach, patterns have been identified that may be useful
not only in developing individual antiretroviral therapy protocols but also for modeling
HIV infection combined with bacterial diseases, as well as oncological diseases. The pos-
sibility of using immune-inflammation indices to predict the clinical outcomes of HIV in-
fection in humans is currently being actively promoted [46]. Of course, unmodified mouse
blood cells cannot be infected with HIV. Despite this, the use of immune-inflammation
indices in the evaluation of mouse models of HIV infection will facilitate better prediction
of the duration of in vivo studies and assessment of their effectiveness. We hope that our
study will also encourage other research teams to attach greater importance to immune-
inflammation indices in HIS-mice and publish reports on this.
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Abbreviations

The following abbreviations are used in this manuscript:

HIV Human immunodeficiency virus.
CBC Complete blood count.

BW Body weight.

GVHD Graft-versus-host disease.

HIS Human immune system.

IL-2ad Administration of interleukin-2.
MHC Major histocompatibility complex.
HLA Human leukocyte antigen.
hPBMCs-mice Engrafted with human peripheral blood mononuclear cells HIS-mice.
d.pi. Days post-injection of human cells.
HSC Hematopoietic stem cells.

MLR Monocyte-to-lymphocyte ratio.
LMR Lymphocyte-to-monocyte ratio.
GLR Granulocyte-to-lymphocyte ratio.
PLR Platelet-to-lymphocyte ratio.

Ch Degree of chimerism.

ANOVA Two-way analysis of variance.
IrD Irradiation dose.

Th hT-helper cell.

WBC Absolute white blood cell count.
Lymph# Absolute lymphocyte count.
Mon# Absolute monocyte count.

Gran# Absolute granulocyte count.
Lymph% Relative lymphocyte count.
Mon% Relative monocyte count.

Gran% Relative granulocyte count.

RBC Absolute red blood cell count.
HGB Hemoglobin count.

HCT Hematocrit.

MCV Mean corpuscular volume.

MCH Mean corpuscular hemoglobin.
MCHC Mean corpuscular hemoglobin concentration.
RDW Red cell distribution width.

PLT Absolute platelet count.

MPV Mean platelet volume.

PDW Platelet distribution width.

PCT Plateletcrit.

BM Bone marrow.

H&E Hematoxylin and eosin.
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DAB 3.3-diaminobenzidine tetrahydrochloride.
BLT Bone marrow-liver—thymus.
References
1.  Maslikova, U.V.; Popova, N.N.; Drokov, M.Y.; Khamaganova, E.G. Graft Failure in Allogeneic Hematopoietic Stem Cell Recip-

10.

11.

12.

13.

14.

15.

16.

17.

18.

ients: Diagnosis and Treatment. Bull. Med. Inst. "REAVIZ” 2023, 13, 114-125. https://doi.org/10.20340/vmi-rvz.2023.1.tx.1.

Hu, M.; Hawthorne, W.J.; Nicholson, L.; Burns, H.; Qian, Y.W.; Liuwantara, D.; Vera, E.].; Chew, Y.V.; Williams, L.; Yi, S.; et al.
Low-Dose Interleukin-2 Combined with Rapamycin Led to an Expansion of CD4*CD25'FOXP3* Regulatory T Cells and Pro-
longed Human Islet Allograft Survival in Humanized Mice. Diabetes 2020, 69, 1735-1748. https://doi.org/10.2337/db19-0525.
Sendergaard, H.; Kvist, P.H.; Haase, C. Human T Cells Depend on Functional Calcineurin, Tumour Necrosis Factor-a and
CD80/CD86 for Expansion and Activation in Mice. Clin. Exp. Immunol. 2013, 172, 300-310. https://doi.org/10.1111/cei.12051.
Brehm, M.A_; Kenney, L.L.; Wiles, M.V.; Low, B.E.; Tisch, R.M.; Burzenski, L.; Mueller, C.; Greiner, D.L.; Shultz, L.D. Lack of
Acute Xenogeneic Graft-Versus-Host Disease, but Retention of T-Cell Function Following Engraftment of Human Peripheral
Blood Mononuclear Cells in NSG Mice Deficient in MHC Class I and II Expression. FASEB ]. 2019, 33, 3137-3151.
https://doi.org/10.1096/£j.201800636t.

Churlaud, G.; Abbara, C.; Vinot, P.-A.; Fourcade, G.; Ritvo, P.-G.; Lorenzon, R.; Rosenzwajg, M.; Diquet, B.; Klatzmann, D.
Pharmacodynamics of Regulatory T Cells in Mice and Humans Treated with Low-Dose IL-2. ]. Allergy Clin. Immunol. 2018, 142,
1344-1346.e3. https://doi.org/10.1016/j.jaci.2018.06.006.

Matsuoka, K.-I.; Koreth, J.; Kim, H.T.; Bascug, G.; McDonough, S.; Kawano, Y.; Murase, K.; Cutler, C.; Ho, V.T.; Alyea, E.P.; et
al. Low-Dose Interleukin-2 Therapy Restores Regulatory T Cell Homeostasis in Patients with Chronic Graft-Versus-Host Dis-
ease. Sci. Transl. Med. 2013, 5, 179ra43. https://doi.org/10.1126/scitranslmed.3005265.

Donohue, J.H.; Rosenberg, S.A. The Fate of Interleukin-2 after in Vivo Administration. J. Immunol. 1983, 130, 2203-2208.
https://doi.org/10.4049/jimmunol.130.5.2203.

Mosmann, T.R; Yokota, T.; Kastelein, R.; Zurawski, S.M.; Arai, N.; Takebe, Y. Species-Specificity of T Cell Stimulating Activities
of IL 2 and BSF-1 (IL 4): Comparison of Normal and Recombinant, Mouse and Human IL 2 and BSF-1 (IL 4). J. Immunol. 1987,
138, 1813-1816. https://doi.org/10.4049/jimmunol.138.6.1813.

Verma, B.; Wesa, A. Establishment of Humanized Mice from Peripheral Blood Mononuclear Cells or Cord Blood CD34* Hem-
atopoietic Stem Cells for Inmune-Oncology Studies Evaluating New Therapeutic Agents. Curr. Protoc. Pharmacol. 2020, 89, e77.
https://doi.org/10.1002/cpph.77.

Fior, J. SupT1 Cell Infusion as a Possible Cell-Based Therapy for HIV: Results from a Pilot Study in Hu-PBMC BRGS Mice.
Vaccines 2016, 4, 13. https://doi.org/10.3390/vaccines4020013.

Seng, A.; Markiewicz, M.A. Induction and Scoring of Graft-Versus-Host Disease in a Xenogeneic Murine Model and Quantifi-
cation of Human T Cells in Mouse Tissues Using Digital PCR. J. Vis. Exp. 2019, 147, 59107. https://doi.org/10.3791/59107-v.

De Franceschi, G.; Vivattanasarn, T.; Saleem, A.B.; Solomon, S.G. Vision Guides Selection of Freeze or Flight Defense Strategies
in Mice. Curr. Biol. 2016, 26, 2150-2154. https://doi.org/10.1016/j.cub.2016.06.006.

Narushima, M.; Agetsuma, M.; Nabekura, J. Development and Experience-Dependent Modulation of the Defensive Behaviors
of Mice to Visual Threats. ]. Physiol. Sci. 2022, 72, 5. https://doi.org/10.1186/s12576-022-00831-7.

Marrero-Cepeda, C.; Caballero-Velazquez, T.; Garcia-Canale, S.; Martin-Dominguez, F.; Rodriguez-Torres, N.; Espigado-
Tocino, I.; Blazquez-Goiii, C.; Andrade-Ruiz, H.; Perez-Simon, J. Monocytosis as Prognostic Factor for Chronic Graft versus
Host Disease. Bone Marrow Transplant. 2024, 59, 1326-1328. https://doi.org/10.1038/s41409-024-02333-z.

Gjeerde, L.K,; Serensen, A.L.T.; von Stemann, J.H.; Fischer-Nielsen, A.; Hansen, M.B.; Sengelov, H.; Ostrowski, S.R. Platelet and
Red Blood Cell Transfusions and Risk of Acute Graft-Versus-Host Disease after Myeloablative Allogeneic Hematopoietic Cell
Transplantation. Transplant. Cell. Ther. 2021, 27, 866.e1-866.€9. https://doi.org/10.1016/j.jtct.2021.07.001.

Schwab, L.; Goroncy, L.; Palaniyandi, S.; Gautam, S.; Triantafyllopoulou, A.; Mocsai, A.; Reichardt, W.; Karlsson, F.]J.; Radha-
krishnan, S.V.; Hanke, K,; et al. Neutrophil Granulocytes Recruited upon Translocation of Intestinal Bacteria Enhance Graft-
Versus-Host Disease via Tissue Damage. Nat. Med. 2014, 20, 648-654. https://doi.org/10.1038/nm.3517.

Mikulska, M. Neutropenic Fever — The EBMT Handbook; Springer International Publishing: Cham, Switzerland, 2019; pp. 259-263.
https://doi.org/10.1007/978-3-030-02278-5.

Masouridi-Levrat, S.; Simonetta, F.; Chalandon, Y. Immunological Basis of Bone Marrow Failure after Allogeneic Hematopoietic
Stem Cell Transplantation. Front. Immunol. 2016, 7, 362. https://doi.org/10.3389/fimmu.2016.00362.

https://doi.org/10.3390/ijms27146266



Int. . Mol. Sci. 2026, 27, 6266 31 of 32

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lu, J.; Liu, H; Cao, L.-L.; Zheng, C.-H.; Li, P.; Xie, ].-W.; Wang, ].-B.; Lin, J.-X.; Chen, Q.-Y.; Lin, M.; et al. The Granulocyte-To-
Lymphocyte Ratio as a Marker of Surgical Stress and a Predictor of Postoperative Infectious Complications after Gastric Cancer
Surgery: An Analysis of Patients Enrolled in a Prospective Randomized Trial. Ann. Surg. Oncol. 2017, 24, 2688-2697.
https://doi.org/10.1245/s10434-017-5846-y.

Xu, Z.; Zhang, J.; Zhong, Y.; Mai, Y.; Huang, D.; Wei, W.; Huang, J.; Zhao, P.; Lin, F.; Jin, ]J. Predictive Value of the Monocyte-
To-Lymphocyte  Ratio in  the  Diagnosis = of  Prostate  Cancer.  Medicine 2021, 100,  e27244.
https://doi.org/10.1097/md.0000000000027244.

Zhou, D.; Zhang, Y.; Xu, L.; Zhou, Z.; Huang, J.; Chen, M. A Monocyte/Granulocyte to Lymphocyte Ratio Predicts Survival in
Patients with Hepatocellular Carcinoma. Sci. Rep. 2015, 5, 15263. https://doi.org/10.1038/srep15263.

Liu, H.; Tabuchi, T.; Takemura, A.; Kasuga, T.; Motohashi, G.; Hiraishi, K.; Katano, M.; Nakada, I.; Ubukata, H.; Tabuchi, T. The
Granulocyte/Lymphocyte Ratio as an Independent Predictor of Tumour Growth, Metastasis and Progression: Its Clinical Ap-
plications. Mol. Med. Rep. 2008, 1, 699-704. https://doi.org/10.3892/mmr_00000016.

Goto, W.; Kashiwagi, S.; Asano, Y.; Takada, K.; Takahashi, K.; Hatano, T.; Takashima, T.; Tomita, S.; Motomura, H.; Hirakawa,
K.; et al. Predictive Value of Lymphocyte-To-Monocyte Ratio in the Preoperative Setting for Progression of Patients with Breast
Cancer. BMC Cancer 2018, 18, 1137. https://doi.org/10.1186/s12885-018-5051-9.

Mirna, M.; Schmutzler, L.; Topf, A.; Hoppe, U.C.; Lichtenauer, M. Neutrophil-To-Lymphocyte Ratio and Monocyte-To-Lym-
phocyte Ratio Predict Length of Hospital Stay in Myocarditis. Sci. Rep. 2021, 11, 18101. https://doi.org/10.1038/s41598-021-97678-
6.

Jiang, F.; Lei, ].; Xiang, J.; Chen, Y.; Feng, J.; Xu, W.; Ou, J.; Yang, B.; Zhang, L. Monocyte-To-Lymphocyte Ratio: A Potential
Novel Predictor for Acute Kidney Injury in the Intensive Care Unit. Ren. Fail. 2022, 44, 1004-1011.
https://doi.org/10.1080/0886022x.2022.2079521.

Chen, H,; Li, M,; Liu, L.; Dang, X.; Zhu, D.; Tian, G. Monocyte/Lymphocyte Ratio Is Related to the Severity of Coronary Artery
Disease and Clinical Outcome in Patients with Non-ST-Elevation Myocardial Infarction. Medicine 2019, 98, e€16267.
https://doi.org/10.1097/md.0000000000016267.

Vakhshoori, M.; Nemati, S.; Saboubhi, S.; Tavakol, G.; Yavari, B.; Shakarami, M.; Bondariyan, N.; Emami, S.A.; Shafie, D. Selection
of Monocyte-To-Lymphocyte Ratio (MLR) or Lymphocyte-To-Monocyte Ratio (LMR) as Best Prognostic Tool in Heart Failure:
A Systematic Review. SN Compr. Clin. Med. 2023, 5, 227. https://doi.org/10.1007/s42399-023-01570-5.

Gasparyan, A.Y.; Ayvazyan, L.; Mukanova, U.; Yessirkepov, M.; Kitas, G.D. The Platelet-To-Lymphocyte Ratio as an Inflam-
matory Marker in Rheumatic Diseases. Ann. Lab. Med. 2019, 39, 345-357. https://doi.org/10.3343/alm.2019.39.4.345.

Balta, S.; Ozturk, C. The Platelet-Lymphocyte Ratio: A Simple, Inexpensive and Rapid Prognostic Marker for Cardiovascular
Events. Platelets 2015, 26, 680-681. https://doi.org/10.3109/09537104.2014.979340.

Wu, J.; Wang, X.; Zhou, M.; Chen, G.-B.; Du, J.; Wang, Y.; Ye, C. The Value of Lymphocyte-To-Monocyte Ratio and Neutrophil-
To-Lymphocyte Ratio in Differentiating Pneumonia from Upper Respiratory Tract Infection (URTI) in Children: A Cross-Sec-
tional Study. BMC Pediatr. 2021, 21, 545. https://doi.org/10.1186/s12887-021-03018-y.

Buonacera, A.; Stancanelli, B.; Colaci, M.; Malatino, L. Neutrophil to Lymphocyte Ratio: An Emerging Marker of the Relation-
ships between the Immune System and Diseases. Int. J. Mol. Sci. 2022, 23, 3636, https://doi.org/10.3390/ijms23073636.
Woelfinger, P.; Hauptrock, B.; Kriege, O.; List, A.; Schmitt, T.; Kuchen, R.; Theobald, M.; Wagner-Drouet, E.M. Pre-Transplant
Platelet-To- Lymphocyte Ratio Predicts Outcome after Allogeneic Hematopoietic Stem Cell Transplantation. Sci. Rep. 2022, 12,
18948. https://doi.org/10.1038/s41598-022-23344-0.

Palmer, B.E.; Neff, C.P.; LeCureux, J.; Ehler, A.; Dsouza, M.; Remling-Mulder, L.; Korman, A.J.; Fontenot, A.P.; Akkina, R. In
Vivo Blockade of the PD-1 Receptor Suppresses HIV-1 Viral Loads and Improves CD4+T Cell Levels in Humanized Mice. ].
Immunol. 2012, 190, 211-219. https://doi.org/10.4049/jimmunol.1201108.

Kieffer, C.; Ladinsky, M.S.; Ninh, A.; Galimidi, R.P.; Bjorkman, P.J. Longitudinal Imaging of HIV-1 Spread in Humanized Mice
with Parallel 3D Immunofluorescence and Electron Tomography. eLife 2017, 6, €23282. https://doi.org/10.7554/elife.23282.
Krieg, C.; Létourneau, S.; Pantaleo, G.; Boyman, O. Improved IL-2 Immunotherapy by Selective Stimulation of IL-2 Receptors
on Lymphocytes and Endothelial Cells. Proc.  Natl.  Acad. Sci. USA 2010, 107, 11906-11911,
https://doi.org/10.1073/pnas.1002569107.

Nagornykh, AM.; Tyumentseva, M.A.; Tyumentsev, A.L; Fedotov, L.A.; Karbyshev, K.S.; Orlova, E.A.; Volchkova, L.N.;
Danilova, L.S.; Akinin, A.S.; Akimkin, V.G. Human Immune System Reconstitution in NOD/Shi-Prkdcscid I12rgem1/Cyagen
Mice to Study HIV Infection: Challenges and Pitfalls. Life 2025, 15, 1129. https://doi.org/10.3390/life15071129.

https://doi.org/10.3390/ijms27146266



Int. . Mol. Sci. 2026, 27, 6266 32 of 32

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Pate, K.A.M.; Blankson, J.N. The Mouse Viral Outgrowth Assay: Avatars for the Detection of HIV-1 Reservoirs. Retrovirology
2017, 14, 52. https://doi.org/10.1186/s12977-017-0376-z.

Verhave, P.; van Eenige, R.; Tiebosch, I. Methods for Applying Blinding and Randomisation in Animal Experiments. Lab. Anim.
2024, 58, 419-426, https://doi.org/10.1177/00236772241272991.

Kim, K.C.; Choi, B.-S.; Kim, K.-C; Park, K.H.; Lee, H].; Cho, Y.K,; Kim, S.I; Kim, S.S.; Oh, Y.-K.; Kim, Y.B. A Simple Mouse
Model for the Study of Human Immunodeficiency Virus. AIDS Res. Hum. Retrovir. 2015, 32, 194-202.
https://doi.org/10.1089/aid.2015.0211.

Deeks, S.G.; Lewin, S.R.; Havlir, D.V. The End of AIDS: HIV Infection as a Chronic Disease. Lancet 2013, 382, 1525-1533.
https://doi.org/10.1016/s0140-6736(13)61809-7.

van Eenige, R.; Verhave, P.S.; Koemans, P.J.; Tiebosch, .A.C.W.; Rensen, P.C.N.; Kooijman, S. RandoMice, a Novel, User-
Friendly Randomization Tool in Animal Research. PLoS ONE 2020, 15, €0237096. https://doi.org/10.1371/journal.pone.0237096.
Novitzky-Basso, I.; Viswabandya, A. Biology of Graft-Versus-Host Disease. In Organ and Tissue Transplantation; Springer Nature:
Cham, Switzerland, 2021; pp. 55-73. https://doi.org/10.1007/978-3-030-36358-1_35.

Zhang, J.; Lohani, S.C.; Cheng, Y.; Wang, T.; Guo, L.; Kim, W.-K,; Gorantla, S.; Li, Q. Human Microglia Extensively Reconstitute
in Humanized-BLT Mice with Human Interleukin-34 Transgene and Support HIV-1 Brain Infection. Front. Immunol. 2021, 12,
672415. https://doi.org/10.3389/fimmu.2021.672415.

Watanabe, S.; Terashima, K.; Ohta, S.; Horibata, S.; Yajima, M.; Shiozawa, Y.; Dewan, M.Z; Yu, Z.; Ito, M.; Morio, T.; et al.
Hematopoietic Stem Cell-Engrafted NOD/SCID/IL2R Null Mice Develop Human Lymphoid Systems and Induce Long-Lasting
HIV-1 Infection with Specific Humoral Immune Responses. Blood 2007, 109, 212-218. https://doi.org/10.1182/blood-2006-04-
017681.

Honeycutt, ].B.; Liao, B.; Nixon, C.C.; Cleary, R.A.; Thayer, W.O,; Birath, S.L.; Swanson, M.D.; Sheridan, P.; Zakharova, O.;
Prince, F.; et al. T cells establish and maintain CNS viral infection in HIV-infected humanized mice. J. Clin. Investig. 2018, 128,
2862-2876. https://doi.org/10.1172/jci98968.

Song, X.; Guo, R.; Meng, P.; Ma, X,; Jin, S.; Xu, L. Prognostic Value of Immune-Inflammation Indexes for the Clinical Outcomes
of HIV/AIDS: A Systematic Review and Meta-Analysis. BMC Infect. Dis. 2026, 26, 548. https://doi.org/10.1186/s12879-026-12811-

y.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27146266



